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Copper tolerant brown rot fungi are able to depolymerize the structure of wood
treated with copper or organic wood preservatives. This research used quantitative
polymerase chain reaction (qRT-PCR) combined with RNA-seq to explore what genes of
the brown-rot fungus, Fibroporia radiculosa, are expressed when the fungus is
overcoming the wood preservatives and decaying the wood. The preliminary study of
ACQ-treated wood indicated that the hydrogen peroxide needed for wood decay to
proceed may come from AAOX (aryl alcohol oxidase), with oxalate regulation by ODC2
(oxalate decarboxylase), and copper regulation by COP (copper resistance P-type ATPase
pump). The principal study measured the expression of ten genes at early, mid, and late
stages of decay in wood treated with azole, copper, quat, ACQ, CA, plus untreated. Both
AAOX and LCC (laccase) were often expressed at their highest levels early in the decay
stages, thus either one or both could be involved in early Fenton chemistry. Expression
levels of ICL (isocitrate lyase) and GLOXDH (glyoxylate dehydrogenase) were also
highest in early decay stages. Of great interest was the complete lack of expression of the
COP gene on copper-treated wood at any decay stage. The most surprising and

significant result is the impact the quat-treatment had on the metabolism of the fungus,
and lack of impact of the azole-treatment. This research indicates that it is the quat that
provides the greatest inhibition of F. radiculosa, more so than the copper. Based on
RNA Seq, the total number of genes that were up- or down-regulated on the coppertreatment was 473, with 293 on the quat-treatment, and 185 on the azole-treatment.
There were a number of genes with unknown protein functions highly expressed. These
data distinctly show that gene expression profiles of F. radiculosa are altered by different
wood preservative compositions and the duration of wood decay. These genes and this
data needs further analysis and study in order to meet the long term goal of understanding
the mechanism of copper-tolerance in Fibroporia radiculosa.
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INTRODUCTION
Wood Structure
Wood has a complex biological structure composed of different types of cells.
Softwoods are composed of a small number of cell types, while hardwoods are composed
of a wide range of cell types. Regardless of cell type, all wood cells are composed of a
cell wall and lumen. The lumen is the void space in the interior of the cell and provides
for water and nutrient conduction. The cell wall is composed of four main regions: the
middle lamella, the primary wall, the secondary wall, and tertiary wall. Each region is
composed of cellulose microfibrils, hemicelluloses, and lignin in varying proportions
(Panshin and deZeeuw 1980).
The primary chemical components of the wood cell wall are 40-50% cellulose,
15-35% hemicelluloses, and 18-35% lignin. These components differ based on wood
species (Panshin and deZeeuw 1980; Bowyer et al. 2007; Rowell et al. 2005). Cellulose
is the main polysaccharide in wood and provides strength in the cell wall. It is a linear
homopolymer of hydroglucose units linked with B-1,4-glucosidic bonds. Cellobiose
units link to form cellulose chains. Because of the strong intra- and inter-molecular
bonds formed, these chains are packed in groups of about 30 to form microfibrils, and
about 100 microfibrils are packed to form fibrils (Kuhad et al. 1997). The fibrils form
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parallel sheets called lamellae. Cellulose fiber exists as packages of fibrils. Native
cellulose from wood is composed of about 10,000 glucose units (Sjöström 1993).
Within the microfilbrils are highly organized regions that are so ordered that
cellulose has a crystalline X-ray bending arrangement. Cellulose microfibrils may be
composed of up to 65% crystalline regions, however, the amount varies with wood
species (Sjöström 1993; Rowell et al. 2005). Amorphous cellulose is the remaining
portion of cellulose molecules and has a low packing density. Crystalline cellulose is
resistant to microbial attack and enzymatic hydrolysis, while, amorphous cellulose is
degraded at a much faster rate (Eriksson et al. 1990). There are four configurations of
cellulose in wood called crystalline or non-crystalline, accessible or non-accessible.
Accessible celluloses are on the surface of the crystalline cellulose while the remaining
crystalline cellulose is non-accessible. Amorphous cellulose is the easiest to access by
microorganisms, but a portion is enclosed by both hemicelluloses and lignin making it
non-accessible. These different types of celluloses have very different properties in terms
of moisture sorption, pulping, chemical modification, extraction, and interactions with
microorganisms (Rowell et al. 2005).
Hemicelluloses are branched heteropolysaccharides with a lower degree of
polymerization than cellulose and a much lower molecular weight than cellulose.
Hemicelluloses are branched and made up of sugars like galactoglucomannan,
arabinoglucuronoxylan, arabinogalactan, glucuronoxylan, and glucomannan.
Hemicelluloses chemically bond to both cellulose and lignin, thus aid in holding the cell
wall components together. Softwood hemicelluloses are mainly composed of
galactoglucomannan forming a backbone polymer of β-(1,4)-linked D-mannopyranose
2

and D-glucopyranose units. The major hemicelluloses in softwoods are
galactoglucomannan, arabinoglucuronoxylan, and glucomannan. Other softwood
hemicelluloses are xyloglucan, arabinogalactan, and other glucans (Laine 2005). In
hardwoods, the major hemicellulose components are xylan-based comprising 15-30% of
the dry wood. Even though hemicelluloses vary in hardwood species, O-acetyl-4-Omethyl-glucuronoxylan (glucuronoxylan) is the major component of most hardwood
species. The hardwood hemicellulose backbone typically consists of β-D-xylopyranose
units linked by (1 → 4) bonds (Sjöström 1993). Many xylose residues contain an Oacetyl group at C-2 or C-3 and an additional (1 → 2)-linked 4-O-methyl-α-D-glucuronic
acid residue. When the plant is under stress, such as in compression wood, some
hemicelluloses are present in unusually large amounts (Timell et al. 1982).
Lignin is an extremely complex three-dimensional polymer formed by pcoumaryl, coniferyl and sinapyl alcohols. It is made up of C-O-C and C-C linkages. The
molecular weight of lignin is variable and hard to determine because lignin has a range of
sizes. Unlike cellulose, lignin does not have a single repeating unit but consists of a
complex arrangement of phenolic units (Rowell et al. 2005). The lignin content of
hardwoods is generally around 18-25%, and the lignin content of softwoods varies
between 25% and 35%. Wood lignin consists mainly of three basic components which
are guaiacyl, syringyl, and p-hydroxyphenyl units. Softwood lignins are composed
mainly of coniferyl alcohol, also called guaiacyl lignin. Hardwood lignins are mainly
composed of syringyl and guaiacyl. The methoxy content of lignin differs in softwoods
(15-16%) and hardwoods (21%). Lignin is present in the highest concentration in the
middle lamella, and is distributed through the secondary cell wall. Because of the
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difference in the volume of middle lamella to secondary cell wall, around 70% of the
lignin is located in the secondary cell wall (Rowell et al. 2005). Lignin is linked by
covalent bonds to hemicelluloses (Fengel and Wegener 1984). Lignin provides rigidity
to the wood cell (Bowyer et al. 2007). Lignin functions between cells as a glue making
permanent bonds, as an antioxidant, and as a water-proofing agent. It also protects wood
from attack by microorganisms. Since lignin is insoluble in water, it is difficult for
microorganisms to penetrate and degrade the wood (Fengel and Wegener 1984).
Other wood cell wall components include extractives and non-extractives and can
make up 3-10% of the wood. The extractives are non-structural constituents and represent
organic compounds such as terpenoids, resins, and phenols. Extractives are often found
in heartwood and protect the wood from environmental stresses (Taylor et al. 2011). The
terpenes are isoprene polymers, with terpene alcohols and ketone-like building blocks.
The resins include a broad range of non-volatile compounds, such as fatty acids, alcohols,
resin acids, phytosterols, and some lesser known neutral compounds (Kuhad et al. 1997).
Softwoods have resin canals, mostly developed in pines, which produce resins and a
mixture of terpenoid compounds. These compounds are important in terms of wood
protection (Barnett and Jeronimidis 2003). Phenolic extractive compounds, mostly
derived from the phenylpropanoid pathway, include the stilbenes, lignans, hydrolysable
tannins, condensed tannins and flavonoids (Sjöström 1993). The non-extractives include
inorganic components like silica, carbonates, oxalates, and non-cell wall substances such
as starch, pectin, and protein.
Depending on the tree species, the content of cell wall components varies, thus,
softwoods are different from hardwoods. Cellulose, hemicellulose, and lignin exist in
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each layer of the cell wall. The middle lamella is the outermost layer of the cell wall
continuum. It is rich in pectin during early growth and high in lignin during late growth
(Rowell et al. 2005). The main function of the middle lamella is to link neighboring cells
together. The primary wall is the layer next to the middle lamella, and is generally
indistinguishable from the middle lamella. The primary wall is membrane-like, pectinrich, contains a largely random orientation of cellulose microfibrils, and is surrounded by
lignin (Sjöström 1993; Bowyer et al. 2007). The term compound middle lamella is used
to indicate the primary cell wall of the adjacent cell. The middle lamella and primary wall
are largely composed of lignin (greater than 70%), with very little cellulose (less than
5%) depending on wood species (Bowyer et al. 2007).
The other cell wall domain is the secondary cell wall which has three layers. The
outer layer (S1) is next to compound middle lamella (Panshin and deZeeuw 1980;
Wiedenhoeft 2010), and is 0.2-0.3 µm thick and contains 3-4 lamellae. Within this layer,
the cellulose microfibrils are laid down at a 50 to 70° angle forming either a Z helix or S
helix depending on cell age. The S1 layer is composed of up to 55% lignin, 40%
cellulose, and 30% hemicelluloses. The middle (S2) layer makes up the major portion of
the cell wall. The thickness of this layer varies between 1-5 µm, depending on cell type.
The S2 layer may contain from 30-40 cellulose lamellae to more than 150 lamellae.
Microfibrils are oriented in a Z helix and angled between 10 - 30°. The S2 layer is
composed of up to 20% lignin, 55% cellulose, and 30% hemicelluloses. Overall the S2
layer contains more lignin than the middle lamella and primary wall because it is much
thicker. The lignin in the S2 layer is regularly distributed throughout the layer (Sjöström
1993; Rowell et al. 2005). The strength properties of wood depend on the S2 layer
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because of its thickness and microfibril orientation (Panshin and deZeeuw 1980; Bowyer
et al. 2007). The inner layer (S3) is similar to S1 layer although thinner. It consists of a
few lamellae which contain microfibrils in both Z helices and S helices (60-90° angles)
(Panshin and deZeeuw 1980; Sjöström 1993). The S3 layer has very little or no lignin, up
to 50% cellulose, and 30% hemicelluloses. The content of xylan is lowest in the S2 layer
and higher in the S1 and S3 layer. The galactoglucomannan is at a higher concentration in
the S2 than the S1 or S3 layers. The tertiary cell wall is different from the outer and
central part of the secondary wall. This layer contains lignin and some proteins, and is
supposed to be a product of deposition of protoplasmic residue (Sjöström 1993).
Wood Preservatives
Wood products are used broadly in outdoor applications and residential
construction. Especially in outdoor applications wood can be degraded by several
different organisms, thus wood products are treated with biocides to prevent degradation.
Treated wood is an economical construction material with ecological benefits. Wood
preservatives must be toxic to a wide range of fungi and termites; be resistant to leaching;
be able to penetrate wood and remain in the wood; be resistant to corrosion; repel water;
be economically feasible; have low impact on the environment; and have safe handling
and use. Creosote, oil-borne pentachlorophenol (penta) and the water-borne arsenicals,
principally chromated copper arsenate (CCA) are called first-generation preservatives
(Levi 1973). They are used in non-residential applications like railroad ties, utility poles
and pilings.
CCA was the main wood preservative used in residential construction until the
1990s when some concerns arose about exposure and disposal of arsenic and chromium
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in the CCA-treated wood (Preston 2000; Freeman et al. 2003). In 2004, the
Environmental Protection Agency (EPA) limited the use of CCA to industrial
applications (Lebow 2004; Lebow et al. 2004; Freeman and McIntyre 2008; Lebow
2010). Due to the restriction of CCA, the American Wood Preservers Association
(AWPA) continues to regulate a range of chromium and arsenic-free formulations which
uses copper as the major active ingredient (Lebow 2004). Copper can inhibit the growth
of bacteria, fungi, insects, and mold. Because of these properties, it is currently the main
component used to protect wood for residential applications (Freeman and McIntyre
2008). Copper has efficiency against a wide variety of wood-inhabiting organisms
including the decay fungi. Copper as the primary form of protection may cause certain
problems, such as the development of tolerance or water toxicity. Tolerant organisms
have the capacity to grow in the presence of high concentrations of toxic metals. Because
of this tolerance, copper formulations are combined with an organic co-biocide to provide
greater defenses. Quaternary amines and azoles are the common copper co-biocides
(Shupe et al. 2008).
Currently, one of the most common wood preservatives on the market for
residential construction is ACQ (ammonical copper quat). ACQ can be found in different
formulations and these formulations vary in the ratio of CuO to the co-biocide. ACQ-A
contains a 1:1 ratio of CuO to co-biocide, while ACQ-B, ACQ-C, and ACD-D contain a
2:1 ratio. The co-biocides, called quaternary compounds or quats can also vary in the
different formulations. Didecyldimethyl-ammonium carbonate (DDA-Carb) or
didecyldimethyl-ammonium chloride (DDAC) are the biocides found in ACQ-A, ACQ-B
and ACQ-D and alkylbenzyldimethyl-ammonium chloride (ADBAC) is the biocide in
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ACQ-C (Lebow et al. 2004). Another common preservative for the residential market is
copper azole (CA) which contains an amine copper and an azole co-biocide. The
common current formulation is called CA-B and contains 96% copper and 4%
tebuconazole. Organic wood preservatives have been in used in the past as an alternative
wood protection choice because of the environmental concerns with toxic metals which
are present in the copper based wood preservatives (Catallo et al. 2008). For example two
common azole co-biocides, tebuconazole and propiconazole, are common fungicides, and
are biodegradable in the soil (Palanti and Susco 2004).
Micronized copper formulations have become alternative preservatives in the
current decade. In this system, micronized particles are formed by grinding insoluble
copper in water or oil-containing a dispersing agent. In the current market, combinations
are called MCQ (micro copper quat) and MCA (micro copper azole). Micronized copper
carbonate formulations usually have a pH 7 to 9, but addition of acids to the compositions
may result in a neutral or acidic pH (Freeman and McIntyre 2008).
Wood Biodegradation
Wood degradation is a serious form of microbiological deterioration and many
different types of organisms can deteriorate wood including bacteria, fungi, and insects.
One damaging group of organisms causing wood decay are the decay fungi. These wood
decay fungi belong to the Basidiomycota class and can consume the structural materials
within wood. When decay fungi attack the wood, wood loses physical and mechanical
strength by softening and weakening of the wood structure. There are two main types of
fungal decay called white-rot and brown-rot. The ability of fungi to decay wood is
affected by environmental factors such as: water (wood saturation point above 30%),
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food source (breakdown of cell wall components), optimum temperature (between 20-32
°C), oxygen, and an acidic environment (pH: 2-6) (Clausen 2010). Brown-rot and whiterot fungi attack wood cells through hyphal growth via bordered pits. They secrete
enzymatic and non-enzymatic metabolites to take nutrients from wood cell walls. Brownrot fungi generally attack softwood species, while white-rot fungi commonly attack the
hardwood species (Messner et al. 2003). Brown-rot and white-rot fungi breakdown and
utilize wood components by two exclusively different mechanisms. White-rot fungi can
remove all three of the wood components which are lignin, cellulose, and hemicellulose.
Brown-rot fungi have enzymatic and non-enzymatic mechanisms to remove the cellulose
and hemicellulose components leaving behind a modified lignin. The white-rot fungi
have cellulolytic and also lignin-degrading enzymes while brown-rot fungi only contain
the cellulolytic enzymes plus laccase. These two types of decay fungi reduce the pH of
the wood during colonization and incipient stage of decay. However, it has been shown
that brown-rot fungi can drive the pH lower than the white-rot fungi (Goodell et al.
2003).
Overview of White-rot Decay
White-rot fungi are one of the few organisms which can attack and degrade all
wood cell wall components. Most of the white-rot fungi are classified in the
Basidiomycota, although there is one group in the Ascomycota. Some white-rot fungi
have a random type (unselective or simultaneous mode) of degradation as such they
degrade cellulose, hemicellulose, and lignin simultaneously, whereas others attack the
lignin and hemicellulose selectively (selective mode) leaving behind modified cellulose
(Otjen et al. 1988; Blanchette 1991). Certain species of white-rot fungi can attack both
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selectively and non-selectively in different regions of the same wood piece (Blanchette
1991). White-rot fungi can grow in both hardwoods and softwoods. The hyphae enter
through the rays and colonize the cell lumen. White-rot fungi penetrate from cell to cell
either through cell wall pits or by the production of boreholes directly through the cell
walls (Eriksson et al. 1990; Daniel 2014). Degradation begins in the wall of the lumen
within the secondary cell wall (Eriksson et al. 1990; Daniel 2014). Several studies
suggest that the middle lamella is degraded after white-rot fungi degrade lignin from the
secondary cell wall (Blanchette et al. 1987; Otjen et al. 1988). Depending on both the
wood species and the fungal species, the lignin-rich cell corners may or may not be
degraded (Otjen et al. 1988; Daniel 2014). As degradation of the middle lamella
proceeds, cell cohesion is lost and wood cells separate.
An extracellular slime sheath is produced by white-rot fungi around its hyphal
cells. The sheath is composed of β-1,3-1,6-D-glucan and forms the connection between
the fungal hyphae and wood cell walls (Daniel 2014). Many decay associated enzymes
and by-products have been associated with the slime sheath. Possible roles for the sheath
include movement of decay enzymes to and into the wood cell wall, penetration of the
sheath into the wood cell wall thus enabling decay progression, movement of nonenzymatic mediators involved in decay, and movement of decay breakdown products
back to the fungal mycelia (Daniel 2014). White-rot fungi produce three main enzymes
which are responsible for lignin degradation. All of these operate by random oxidative
reactions. These enzymes include; manganese peroxidase (MnP), lignin peroxidase (LiP),
and versatile peroxidase (VP). All three peroxidases are dependent on hydrogen peroxide
as the oxidant. Lignin peroxidase has high a redox potential and produces an aryl cation
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radical when it reacts with non-phenolic lignin (Daniel 2014). Manganese peroxidase
oxidizes MnII to MnIII which in turn can attack phenolic lignin. Versatile peroxidase has
characteristics of both MnP and LiP, but has only been found in a few white rot species
(Daniel 2014). Phenoloxidases may also play an important role in wood degradation.
One phenoloxidase, laccase, has been found in many white rot species and is often
produced in conjunction with MnP. Laccase can oxidize phenols producing phenoxy
radicals which can potentially attack nonphenolic lignin. However, the true role of
laccase in lignin degradation is unknown (Daniel 2014).
White-rot fungi also mineralize the cellulose and hemicellulose within the wood
cell walls. This group of fungi produces cellobiohydrolases (exoglucanases),
endoglucanases, and β–glucosidases which cooperatively degrade both the crystalline and
amorphous cellulose. In amorphous and crystalline regions, endoglucanases can
hydrolyze the internal bonds by attacking randomly the cellulose chains within the
cellulose backbone. Cellobiohydrolases degrade cellulose by dividing off cellobiose from
the ends of the cellulose chains.. Β-glucosidases break the bonds between cellobiose units
to produce glucose. In addition to these enzymes, cellobiose oxidase (CBO) or cellobiose
dehydrogenase (CDH) and cellobiose: quinone oxidoreductase (CBQ) have been defined
in several white-rot wood degrading fungi, and may play a role in cellulose degradation
(Eriksson et al. 1990). Due to the complexity of hemicellulose, a number of different
hydrolytic enzymes are needed for the complete degradation. Two main enzymes
responsible for the degradation of the hemicellulose backbone are endo-1,4-β-D-xylanase
and endo-1,4-β-mannanase. Other enzymes needed to degrade the remaining
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hemicellulose bonds include glucomannase, glucuronidase, acetylesterase, and
galactomannase (Perez et al. 2002).
Wood cell wall porosity limits the movements of enzymes into the cell wall.
However, there is evidence that in both white-rot and brown-rot decay, wall structural
damage and decay can occur away from the fungal mycelium. Daniel (2014) referred to
this as 'decay at a distance' but it is also called non-enzymatic wood decay. Although the
true source and biochemical process of this phenomenon is still unknown, most scientists
agree that it is a system based on oxidation/reduction reactions. For the non-enzymatic
decay system to be successful, the following criteria must be met for the
oxidants/reductants: 1) they must be produced away from the mycelia in order to prevent
damage to the fungus; 2) they must be produced inside the cell wall; and 3) they must be
self-regenerating (Daniel 2014). Numerous possible non-enzymatic systems have been
described for white-rot decay fungi involving MnP, LiP, CDH and veratryl alcohol.
Because of the short half-life of the reactants, the difficulty of extracting and localizing
the reactants within wood, and the nature of decay on wood (which is that on a given
piece of wood, there are different stages of decay and different types of decay occurring
along the fungal mycelium), it will continue to be very difficult to determine the true
nature of this system.
Brown-rot decay
Brown-rot decay has often been referred to as non-enzymatic decay because, like
some aspects of white-rot decay discussed above, brown-rot decay is first observed as
'decay at a distance'. Brown-rot fungi use both a non-enzymatic and enzymatic approach
to decay wood cell walls, but they lack the main lignin-degrading enzymes found in the
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white-rot fungi. Thus as the wood cell walls are being degraded by brown-rot fungi, the
wood loses structural integrity due to the breakdown of hemicellulose and cellulose. A
modified lignin is left behind resulting in a dark brown wood that is often cracked into
cuboidal sections. Brown-rot decay is the major type of decay found in wood in
residential or building applications (Eriksson et al. 1990).
Brown-rot fungi enter the wood through the ray cells and axial parenchyma
moving into the cell lumen through pit membranes (Eriksson et al. 1990; Daniel 2014).
Some species of brown-rot fungi can produce bore holes, but pit membranes appear to be
the primary access. Hyphae grow within the cell lumen, producing a slime sheath which
binds the hyphae to the S3 layer of the cell wall. Decay begins in the S2 layer, while the
S3 layer and middle lamella are not affected in the early stages, thus decay is occurring
away from the hyphae. Characteristics of brown-rot decay include rapid
depolymerization of the hemicellulose and cellulose in the S2 layer, resulting in a rapid
reduction in wall strength early in the decay process, with only a small detectable loss in
weight. There can be widespread loss of hemicellulose and cellulose when only a small
amount of hyphae is present, producing an excess of polysaccharide by-products
(Eriksson et al. 1990; Arantes and Goodell 2014). All enzymes are too large to penetrate
the S3 and S2 layers at the early stage of decay. As decay progresses, the porosity of the
cell wall layers increase and breakdown of the other cell layers is also observed. During
this process, lignin is modified by demethylation of both the phenolic and non-phenolic
portions and some loss of lignin in the cell walls and middle lamellae is observed
(Eriksson et al. 1990).
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The mechanism the brown-rot fungi employ to depolymerize the S2 layer is
believed to involve the generation of free radicals, such as the hydroxyl radical (⋅OH),
non-enzymatically via Fenton chemistry (Fe2+ + H2O2 Fe3+ + OH· + OH-) (Goodell et al.
1997; Hammel et al. 2002; Arantes et al. 2012). Support for the role of Fenton chemistry
in non-enzymatic decay has come from both laboratory studies as well as analysis of the
of genome, transcriptome, and secretome of select brown-rot fungi (Goodell et al. 1997;
Yelle et al. 2008; Arantes et al. 2009; Arantes et al. 2011; Martinez et al. 2009; Tang et
al. 2013). For the Fenton reaction to proceed, ferric iron, low molecular weight (LMW)
mediators, and hydrogen peroxide must be present in the S2 layer. Ferric iron (Fe3+)
must first be solubilized from the surrounding wood cells. One proposed mechanism is
based on the presence of high levels of oxalic acid (Arantes and Goodell 2014).
Numerous studies have shown an increased production of oxalic acid, a known metal
chelator, during early stages of decay by some, but not all, brown-rot fungi (Green et
al.1991; Shimada et al. 1997; Woodward and DeGroot 1999; Schilling and Jellison 2006;
Hastrup et al. 2012a). Oxalic acid is believed to be secreted into the extracellular fungal
sheath, and reduce the pH of the sheath to 2 directly next to the fungal hyphae. This
could promote solubilization of the ferric iron away from the wood to form Fe:oxalate
complexes. The Fe:oxalate complexes diffuse away from the fungal mycelia and into the
wood cell wall. The pH of the wood cell wall is around 5.5. At this pH, the ferric iron is
released from the oxalate and is complexed to LMW mediators.
For this Fenton chemistry mechanism to occur, LMW mediators are also needed
within the S2 layer of the cell wall. The potential involvement of small agents which can
penetrate the cell wall during the initiation of brown-rot decay is supported by numerous
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works (Goodell et al. 1997; Shimokawa et al. 2004; Suzuki et al. 2006; Arantes et al.
2012; Hastrup et al. 2013). However, the precise makeup of these mediators is still
unknown. The most likely candidates are either phenolate or hydroquinone in origin
(Arantes and Goodell 2014). Korripally et al. (2013) found that Serpula lacymans
produced significant levels of 2,5-dimethoxyhydroquinone(2,5-DMHQ) during brown-rot
decay. The authors proposed that this compound could reduce ferric iron to ferrous iron
with the generation of a semiquinone radical. This radical could react with oxygen to
produce an ·OOH radical, which in turn could produce H2O2 or reduce additional ferric
iron to ferrous iron (Arantes and Goodell 2014). Additional possible mediators that have
been isolated and identified include catecholate and hydroxyamate chelators (Hastrup et
al. 2013) and numerous mon-, di- and tri-hydoxy phenolic acids (Arantes et al. 2011).
Enzymes involved in the production of these compounds would be regulated through the
phenyl propanoid pathway. It is highly likely that different brown rot species produce
different mediators, however, for this system to continue, the LMW mediators would
have to be regenerated (by a hydroquinone reductase) or replenished or mineralized
(Kerem et al. 1999; Pratch et al. 2001; Jensen et al. 2002). Some authors have suggested
that a single mole of mediator could reduce multiple moles of ferric iron (Arantes and
Goodell 2014).
The third required reactant needed for Fenton chemistry to occur is hydrogen
peroxide. Two possible sources for hydrogen peroxide have been proposed;
demethylation of lignin to form methanol and the reduction of oxygen which was
described above. Methanol is generated during brown-rot decay through the methylation
and demethylation of lignin. Methanol can be converted into formaldehyde and
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hydrogen peroxide by fungal alcohol oxidases. Daniel et al. (2007) first localized an
alcohol oxidase from G. trabeum on the hyphae, in the slime sheath and within the S2
layer of the cell walls during decay. Martinez et al. (2009) and Wymelenberg et al. (2010)
described cellulose-induced expression of methanol oxidases in P. placenta, while, Tang
et al. (2013) found increased expression of aryl-alcohol oxidase (AAOX) and a copper
radical oxidase during early stages of brown-rot decay by F. radiculosa . However, the
expression level was low when F. radiculosa was growing on MCQ treated wood (Tang
et al. 2013). Aryl-alcohol oxidases are known to produce an aromatic aldehyde and
H2O2 from methanol. Other common names for AAOX include aryl alcohol oxidase,
veratryl alcohol oxidase, and aromatic alcohol oxidase (Farmer et al. 1960). AAOX
activity has been measured in different fungi, including F. radiculosa (Tang et al. 2012),
Pleurotus species (Bourbonnais and Paice 1988), Fusarium solani (Iwahara et al. 1980),
Trametes versicolor (Farmer et al. 1960), and Bjerkandera adusta (Kimura et al. 1990).
Several authors have proposed a complete Fenton-based system driven by the
enzyme laccase when high levels of oxalate are present (Wei et al. 2010; Tang et al.
2013). Laccase is a multicopper oxidase that is commonly distributed in higher plants
and fungi (Bourbonnais et al. 1995) and has also been found in insects and bacteria.
Laccase is believed to be involved in the oxidation and partial cleavage of lignin,
generating methanol, during brown-rot fungal attack (Irbe et al. 2001; Yelle et al. 2008).
Additionally, laccase can oxidize the methoxyhydroquinones produced by fungi, which
include many of the LMW mediators described above (Kerem et al. 1999; Jensen et al.
2001; Shimokawa et al. 2004; Suzuki et al. 2006; Hastrup et al. 2013), to a semiquinone
radical. A purified laccase from P. placenta was able to oxidize 2,5-DMHQ to a
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perhydroxyl radical at a ratio of one radical produced for each hydroquinone supplied
(Wei et al. 2010). The methoxysemiquinone radicals produced by laccase are considered
to be better reductants of ferric iron than the parent hydroquinone plus these radicals can
reduce O2 to perhydroxyl radicals which form hydrogen peroxide (Wei et al. 2010). The
brown-rot fungi F. radiculosa and P. placenta have been found to encode two putative
laccases (Martinez et al. 2009; Tang et al. 2012). Tang et al. (2013) found simultaneous
upregulation of laccase and oxalate by F. radiculosa on copper treated wood, providing
further evidence for a laccase-driven Fenton system in a high oxalate environment.
After a certain point of in the brown-rot decay process, the self-regenerating
Fenton-based system must be shut down. The production of H2O2 needs to be reduced
to avoid oxidative damage of hyphae. The enzyme catalase (CAT) helps protect the
fungal cells from oxidative damage caused by reactive oxygen species. Catalase is found
in almost all living organisms and catalyzes the degradation of hydrogen peroxide to
water and oxygen (2 H2O2 →2H2O + O2) (Chelikani et al. 2004). In brown-rot fungi, six
different putative catalases have been identified in P. placenta (Martinez et al. 2009),
three putative catalases in S. lacrymans (Eastwood et al. 2011), and three putative
catalases in F. radiculosa (Tang et al. 2012). One of the three putative catalase genes was
highly expressed on untreated wood in F. radiculosa (Tang et al. 2013). Tang et al.
(2013) also proposed a different role for the alcohol oxidases detected during decay of
MCQ-treated wood by F. radiculosa. Because expression of the alcohol oxidases and
catalase did not occur at the same time as the increased expression of laccase, these
authors suggest that the alcohol oxidases may be arresting Fenton chemistry by oxidizing
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the laccase substrates. This would result in an increase in pH and provide the required
environment for the activity of the enzymes involved in holocellulose degradation.
The brown-rot fungi appear to contain many of the same types of enzymes used to
degrade cellulose and hemicellulose as is found in the white-rot fungi described above,
except that most brown-rot fungi lack cellobiohydrolases. However, the nature of the
holocellulose degradation differs between the two types of decay. In brown-rot decay,
the first components to be degraded are pectin and hemicellulose (Arantes et al. 2012).
Tang et al. (2012) found increased expression of two pectin degrading enzymes during
early stages of decay. Breakdown of cellulose also occurs early in the decay process, as
stated previously, one characteristic of brown-rot decay is early and rapid cellulose
depolymerization. The initial degradation of hemicellulose and cellulose by brown-rot
fungi is believed to be due to the attack on the S2 layer of the cell wall by the radicals
produced via Fenton chemistry. Hastrup et al. (2012b) found the percent crystallinity of
cellulose and the amount of cellulose removed depended on the stage of brown-rot decay.
The d-spacing of the crystalline cellulose significantly decreased during early brown-rot
decay, compared to white-rot decay in which the spacing was less consistent. Once the
Fenton reactants have increased the porosity of the wood cell wall, cellulose and
hemicellulose degradation proceeds via enzyme hydrolysis. During late stages of decay
by the brown rot fungus, F. radiculosa, Tang et al. (2013) found increased expression of
16 glycoside hydrolases. These genes were similar, but not identical, to those expressed
by P. placenta when growing in liquid culture (Martinez et al. 2009; Wymelenberg et al.
2010).
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Copper Tolerance
Copper as an essential micronutrient and a component of many enzymes, such as
laccase, however, in high concentrations it is a potent fungicide. It is the main biocidal
component used in preservative treated wood products. It is active against soft rot and
white-rot fungi as well as many species of brown-rot fungi; although certain brown-rot
fungi have the ability to overcome or tolerate the copper-component (Freeman and
McIntyre 2008). This select group of brown-rot fungi are termed copper tolerant. The
organic co-biocide, such as quat or azole, is added to the formulation to inhibit these
copper tolerant species. Hastrup et al. (2005) defined copper tolerance as 'the capacity of
an organism to survive in the presence of high copper ions'. Not all brown rot fungal
species are copper tolerant, and among those that are copper tolerant, there is variation in
tolerance levels depending on the preservative formulation, fungal species as well as
fungal isolate (Hastrup et al. 2005; Freeman and McIntyre 2008). Additionally, the
mechanisms fungi use to overcome or tolerate high levels of copper are likely not the
same, also depending on preservative, fungal species and isolate. Thus there is unlikely a
single mechanism employed by fungi for copper tolerance.
Toxic levels of copper can denature proteins (including enzymes) and destroy the
integrity of the cell membrane and cell walls (Gadd 1993). Changes that have been
documented in some, but not all, fungi when adapting to high levels of copper include:
increased production of oxalic acid, production of a thicker cell wall and an increase in
N-acetyl glucosamine (chitin) in the cell wall, and an increase in the volume of the
protective mucilaginous sheath (Green and Clausen 2003; Hastrup et al. 2006; Vesentini
et al. 2006; Freeman and McIntyre 2008; Arango et al. 2009). The mechanism by which
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increased levels of oxalic acid confer tolerance is believed to be through the chelation of
excess copper ions to the oxalic acid forming copper:oxalate complexes. These
complexes precipitate into copper oxalate crystals on the surface of the wood cell
rendering the copper both insoluble and inert (Woodward and DeGroot1999; Green and
Clausen 2003). The level of oxalate production during copper tolerance depends on
preservative formulation as well as species (Arango et al. 2009) with some copper
tolerant brown rot species showing no increase in oxalate levels. It has been well
documented that the copper tolerant brown rot fungus, Fibroporia radiculosa, adapts to
copper thorough increased oxalic acid production and formation of copper oxalate
crystals (Tang et al. 2013; Ohno et al. 2015). As such, this form of copper detoxification
will be the focus of this review.
As previously discussed, oxalate is believed to play a very important role in the
general mechanism of brown-rot decay by reducing the pH of the fungal sheath,
promoting solubilization of the ferric iron, and forming Fe:oxalate complexes. However,
in the presence of toxic levels of copper, the levels of oxalic acid produced by the fungus
drastically increases. Biosynthesis of oxalate in brown-rot fungi potentially occurs
through a coupling of the tricarboxylic acid (TCA) cycle located in the mitochondria and
the glyoxylate (GLOX) cycle located in the peroxisome (Dutton and Evans 1996; Munir
et al.2001; Hastrup et al.2006). Figure 1.1 diagrams the inter-relationship between these
two metabolic cycles. Oxalate could be produced from excess malate originating from
either the TCA or GLOX cycles or from glyoxylate in the GLOX cycle (Munir et al.
2001).
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Isocitrate lyase (ICL) converts isocitrate to glyoxylate and succinate in the GLOX
cycle. If the fungus needs to increase production of ATPs in the TCA cycle or increase
glyoxylate levels in the GLOX cycle, both isocitrate and succinate could be shunted
between the two cycles by an antiporter protein. Glyoxylate can be converted to oxalate
by the enzyme glyoxylate decarboxylase (GLOXDH). Thus one possible source of
increased oxalate is to increase production of glyoxylate and conversion to oxalate.
Recent genetic studies showed upregulation of both the GLOXDH and ICL genes in F.
radiculosa while it was growing on MCQ treated wood (Tang et al. 2013). However,
ICL was not upregulated on ammoniacal copper citrate (CC) treated wood (Ohno et al.
2015) or on untreated wood (Tang et al. 2013). High expression levels of GLOXDH are
proposed to result in increased oxalate production which forms copper oxalate crystals in
F. radiculosa (Tang et al. 2013). The concentration of oxalate was also found to be high
when F. radiculosa was growing on copper citrate (CC) treated wood.
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Figure 1.1

Proposed metabolic mechanism of oxalate production in the brown rot
fungus Fibroporia radiculosa (adapted from Munir et al. 2001 and Tang et
al. 2013).

An alternative pathway for oxalate production is from malate. Malate
dehydrogenase (MDH) converts malate to oxaloacetate, and oxaloacetate is converted to
oxalate by oxaloacetate hydrolase (OAH). Munir et al. (2001) proposed that the brown
rot fungus, Fomitopsis palustris, when growing on a glucose media produced oxalate
from oxaloactetate via OAH and that ICL played a key role in shunting the products
between the two cycles. They further suggested that since oxaloacetate could not cross
through the membranes, that it is likely malate moves into the cytosol where it is then
converted to oxaloacetate and then to oxalate. One putative gene for OAH was identifed
in F. radiculosa (Tang et al. 2012) but was not differentially expressed when grown on
wood (Tang et al. 2013).
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In all metabolic processes, the organism needs to be able to control both the
production of a needed compound as well as its decomposition. There are two possible
pathways for the decomposition of oxalate; oxalate dehydrogenase also called oxalate
oxidase (OXO) which converts oxalate to two carbon dioxide molecules with the
subsequent formation of hydrogen peroxide (Aguilar et al. 1999) or oxalate
decarboxylase (ODC) which converts oxalate to formic acid and carbon dioxide (Mäkelä
et al. 2002). Martinez et al. (2009) identified three putative ODC genes with secretion
signals in P. placenta and Tang et al. (2012) found ten putative ODC genes in F.
radiculosa, four with secretion signals. No OXO genes were identified in either of these
species. Hastrup et al. (2012a) detected decarboxylation activity in liquid cultures of four
different brown-rot fungi. When F. radiculosa was growing on MCQ-treated wood,
transcriptomic analysis found differential expression of two ODC genes, however, these
two genes were expressed at different stages of decay. One ODC gene (ODC1) increased
seven-fold during early stages of decay when the fungus was also adapting to the copper.
The second ODC gene (ODC2) increased 4-fold in late stages of decay. qRT-PCR
analysis showed that ODC1 expression was significantly increased on MCQ-treated
wood compared to untreated wood; while ODC2 appeared to be repressed on MCQ
treated wood but expression was significantly increased on untreated wood. The authors
suggest that even though these two genes code for the same-type enzymes that
breakdown oxalate, these genes are regulated by very different factors. It appears from
these studies, that ODC is the route of oxalate breakdown for many brown-rot fungi.
Also associated with copper tolerance is the ability of the organism to regulate the
excess copper ions. As stated previously, copper is an essential micronutrient and must
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be able to pass through cell walls and membranes in order to become associated with
enzymes that require copper. Movement of ions across cell membranes is accomplished
by P-type ATPase pumps. There are different types of P-type-ATPases including the
sodium-potassium pump (Na+/K+-ATPase), the proton-potassium pump (H+/K+-ATPase),
the proton pump (H+-ATPase), the calcium pump (Ca2+-ATPase), and the copper
resistance pump (Cu+-ATPases). The copper resistance P-type ATPase pumps (COP) are
ion and lipid pumps found in archaea, bacteria, and eukaryotes (Thever and Saier 2009;
Rodríguez-Navarro and Benito 2010). In F. radiculosa, three putative copper-ATPases
and one copper homeostasis gene have been identified (Tang et al. 2012). Ohno et al.
(2015) found that four different isolates of F. radiculosa when growing on copper citrate
treated wood, differed in their expression patterns of COP. All showed increased
expression levels of COP over time, but in some isolates expression increased earlier than
others. In comparison to genes involved in oxalate production, the authors suggest that
three of the isolates seem to be removing copper from the cells (COP increase) before
oxalate is produced in high enough levels to bind the copper ions; while one of the
isolates appears to wait until oxalate is in high concentrations before activating the pump.
In contrast, Tang et al. (2013) found significantly higher expression of COP on untreated
wood but not on MCQ treated wood. Additionally, there was no correlation to COP
activity and strength loss. Thus the direct role of these genes in the copper tolerance
system is uncertain.
Objectives of Research
Several studies have been done on copper tolerant brown-rot fungi. However,
there are gaps in the knowledge base leading to a lack of understanding of the mechanism
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of overcoming the toxicity of various wood treatments by this group of fungi. Seeking a
way to understand this mechanism is critical. Understanding gene regulation is one way
to elucidate the complex mechanism which is being used by copper tolerant brown-rot
fungi. The goal of this study was to determine the expression of genes which are involved
in the breakdown of wood preservatives as well as the wood decay process in Fibroporia
radiculosa.
Following specific objectives for this study are;
1.

Determine the expression levels of the genes in F. radiculosa, grown on
ACQ-treated wood and to compare with the gene expression studies of F.
radiculosa growing on MCQ- and CC-treated wood.

2.

Evaluate the organic and copper based preservative systems used by F.
radiculosa when grown on quat, azole, and copper preservatives through
high-throughput RNA sequencing.

3.

Examine the differentially expressed genes of F. radiculosa when growing
on organic and copper preservative systems when used alone and in
combination.
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GENE EXPRESSION ANALYSIS OF WOOD DECAY FUNGUS FIBROPORIA
RADICULOSA GROWN IN ACQ-TREATED WOOD
Introduction
It is estimated that approximately 400 million cubic feet of preservative-treated
wood is produced annually in the United States (Clausen et al. 2014). Replacement of
decayed wood products from homes and building costs over $5 billion annually with 10%
of the annual production of forests going towards replacement of decayed products.
Copper-based preservatives are the primary biocide used to protect wood from groundcontact exposure (Freeman and McIntyre 2008). Copper is an effective fungicide against
many wood decay fungi, although certain brown-rot fungi have the ability to overcome or
tolerate the copper-component (Freeman and McIntyre 2008). Brown-rot fungi are the
principal recyclers of dead wood in coniferous forests and the only fungi that can decay
wood treated with copper-based preservatives. When these decay fungi attack the wood,
wood loses physical and mechanical strength by softening and weakening of the wood
structure.
Brown-rot decay fungi belong to the Basidiomycota phylum, subclass
Homobasidiomycetes, where they are further classified into clades. The brown-rot mode
of decay evolved multiple times from the white-rot mode of decay, thus brown-rot decay
fungal species are distributed into several different clades. The Polyporoid clade
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(Polyporales) contains approximately 70% of known brown-rot species (Hibbett and
Thorne 2001) and is further divided into subclades. The Antrodia subclade includes three
species, Antrodia, Fibroporia, and Amyloporia (Ortiz-Santana et al. 2013), although
some authors only list the first two. Fibroporia radiculosa (Peck), the subject of this
research, is widespread and common throughout the United States. Past synonyms
include Poria subradiculosa Murrill, Poria radiculosa (Peck) Sacc., Poria flavida Murrill,
Polyporus radiculosa Peck, Fibuloporia radiculosa (Peck) Parmasto, and most recently,
Antrodia radiculosa (Peck) Gilb. & Ryvarden (Clausen and Jenkins 2011). The genus
Fibroporia was first described by Parmasto in 1968 as species with a frimbriate (fringed)
to rhizomorphic (root- or rope-like) border (Bernicchia et al. 2012). DNA-based
phylogenies most closely groups F. radiculosa with Fibroporia vaillantii (= Antrodia
vaillantii) (Yu et al. 2010; Bernicchia et al. 2012; Ortiz-Santana et al. 2013). A recent
phylogenic analysis of the F. radiculosa complex found that samples from the United
States and East Asia formed one well-supported clade, while samples from the Czech
Republic and Italy formed a different well-supported clade (Bernicchia et al. 2012).
These authors have suggested that the European samples constitute a new species called
Fibroporia bohemica. The F. radiculosa used in this study was first isolated from the
Harrison National Experimental Forest in Mississippi in 1971 from field stakes that had
been treated with acid copper chromate and completely failed within the first twelve
months of exposure (Clausen and Jenkins 2011). The isolate was labeled TFFH 294
which stands for 'the fungus from hell' due to its abilities to overcome wood preservatives
and decay the wood. It has also been isolated from wood treated with chromate zinc
chloride, chromate copper chloride, chromate zinc arsenate, copper chromate, copper
34

naphthenate, creosote, chromate copper arsenate, and zinc chloride (Clausen and Jenkins
2011).
Brown-rot decay has often been referred to as non-enzymatic decay because it is
first observed as 'decay at a distance', however; these fungi use both a non-enzymatic and
enzymatic approach to decay wood cell walls. As the wood cell walls are being degraded
by brown-rot fungi, the wood loses structural integrity due to the breakdown of
hemicellulose and cellulose. A modified lignin is left behind resulting in a dark brown
wood that is often cracked into cuboidal sections. Brown-rot decay is the major type of
decay found in wood in residential or building applications (Eriksson et al. 1990). The
mechanism the brown-rot fungi employ to depolymerize wood cell walls is believed to
involve the generation of free radicals, such as the hydroxyl radical (⋅OH), nonenzymatically via Fenton chemistry (Fe2+ + H2O2→ Fe3+ + OH· + OH-) (Goodell et al.
1997; Hammel et al. 2002; Arantes et al. 2012). Support for the role of Fenton chemistry
in non-enzymatic decay has come from both laboratory studies as well as analysis of the
of genome, transcriptome, and secretome of select brown-rot fungi (Goodell et al. 1997;
Yelle et al. 2008; Arantes et al. 2009; Arantes et al. 2011; Martinez et al. 2009; Tang et
al. 2013).
In order for the for the Fenton reaction to proceed, the fungus needs to generate
the Fenton reactants. Ferric iron (Fe3+) must first be solubilized from the surrounding
wood cells. One proposed mechanism is based on the presence of high levels of oxalic
acid (Arantes and Goodell 2014). Oxalic acid is believed to be secreted into the
extracellular fungal sheath, and reduce the pH of the sheath to 2. This could promote
solubilization of the ferric iron away from the wood to form Fe:oxalate complexes. The
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Fe:oxalate complexes diffuse into the wood cell wall. The pH of the wood cell wall is
around 5.5. At this pH, the ferric iron is released from the oxalate and is complexed to
LMW mediators. A high level of oxalic acid is also believed to confer copper tolerance
to some brown-rot fungi. Toxic levels of copper ions are chelated to the oxalic acid
forming copper:oxalate complexes. These complexes precipitate into copper oxalate
crystals on the surface of the wood cell rendering the copper both insoluble and inert
(Woodward and DeGroot1999; Green and Clausen 2003).
Two possible sources for Fenton hydrogen peroxide have been proposed;
demethylation of lignin to form methanol and the reduction of oxygen. Methanol is
generated during brown-rot decay through the methylation and demethylation of lignin.
Methanol can be converted into formaldehyde and hydrogen peroxide by fungal alcohol
oxidases. Daniel et al. (2007) first localized an alcohol oxidase from G. trabeum on the
hyphae, in the slime sheath and within the S2 layer of the cell walls during decay.
Martinez et al. (2009) and Wymelenberg et al. (2010) described cellulose-induced
expression of methanol oxidases in P. placenta, while, Tang et al. (2013) found increased
expression of aryl-alcohol oxidase (AAOX) and a copper radical oxidase during early
stages of brown-rot decay by F. radiculosa. Several authors have proposed a complete
Fenton-based system driven by the enzyme laccase when high levels of oxalate are
present (Wei et al. 2010; Tang et al. 2013). Laccase is believed to be involved in the
oxidation and partial cleavage of lignin, generating methanol, during brown-rot fungal
attack (Irbe et al. 2001; Yelle et al. 2008).
In brown-rot decay, the first components to be degraded are pectin and
hemicellulose (Arantes et al. 2012). Tang et al. (2013) found increased expression of two
36

pectin degrading enzymes during early stages of decay. Breakdown of cellulose also
occurs early in the decay process, as one characteristic of brown-rot decay is early and
rapid cellulose depolymerization. Hastrup et al. (2012) found the percent crystallinity of
cellulose and the amount of cellulose removed depended on the stage of brown-rot decay.
As decay progresses, the porosity of the cell wall layers increase and degradation
proceeds via enzyme hydrolysis. During late stages of decay by the brown rot fungus, F.
radiculosa, Tang et al. (2013) found increased expression of 16 glycoside hydrolases.
These genes were similar, but not identical, to those expressed by P. placenta when
growing in liquid culture (Martinez et al. 2009; Wymelenberg et al. 2010). During this
process, lignin is modified by demethylation of both the phenolic and non-phenolic
portions and some loss of lignin in the cell walls and middle lamellae is observed
(Eriksson et al. 1990).
Understanding the metabolic mechanisms that F. radiculosa uses to detoxify the
copper in treated wood, plus breakdown the wood cell walls in order to obtain food, is
extremely complicated. This study used gene expression analysis of ten genes, thought to
play a role in copper tolerance and wood decay, when the fungus was growing on wood
treated with a common wood preservative, alkaline copper quat (ACQ-D) to help further
understand these complex mechanisms. The results from this study will be discussed in
comparison to two other studies that also measured the expression of genes by the same
fungus growing on copper citrate-treated wood (Ohno et al. 2015) and on MCQ-treated
wood (Tang et al. 2013).
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Materials and Methods
Fungus Isolate
The strain of F. radiculosa TFFH 294 was provided by Carol Clausen, USDA
Forest Service, Forest Products Laboratory, Madison WI. The fungus was grown for 15
days at 27°C on Malt agar (BD, Fisher Scientific, Pittsburg, PA) media plates.
Preservative Treatments and Wafer Preparation
Southern yellow pine (SYP) sapwood wafers measuring 19 by 19 by 5 mm (l x w
x t) were vacuum-treated at 0.2 pcf (ground contact level) for 30 minutes in Alkaline
Copper Quat (ACQ-D). ACQ-D contained 66.7% copper oxide and 33.3% quat as
dimethyldidecyl ammonium carbonate (DDAC). A matching set of wafers was treated the
same way except with water in order to compare in the compression strength testing.
ACQ-treated SYP test wafers were autoclaved for 30 minutes prior to inoculation to
prevent contamination.
Fungal Growth on Copper Treated Wood Blocks
Soil block tests were set up according to American Wood Protection Association
Standard E22-12 (AWPA 2012), with F. radiculosa strain TFFH 294. Two test
containers were prepared as a biological replicates for each time point. Each test
container contained two (SYP) sapwood feeder strips measuring 73 by 22 by 2 mm (l x w
x t) that were placed directly on the moist soil surface. The entire container was
sterilized. Sterile containers were inoculated with approximately 6 mm plugs (4 plugs
each container) of actively growing mycelia and incubated at 27°C for 2 weeks to allow
mycelia to cover the feeder strips. After the 2 week colonization period, six ACQ-treated
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SYP sapwood test wafers were placed directly on top of the SYP feeder strips and
incubated at 27°C. Two containers were sampled at each time point. Thus sixteen
containers were prepared. Ten treated wafers were removed at days 7, 14, 22, 29, 36, 43,
50, 57 for RNA extraction, and two wafers were reserved for the compression strength
testing. All five wafers from one container were extracted and ultimately merged into one
RNA sample. In the cold room (4°C) wafers were reduced to small pieces using a razor
blade, and 0.5 g of cut wood was weighed into 2ml tubes (five sampling tubes for per one
RNA sample). Material was stored at -70°C for RNA isolation.
Wood Compression Testing
Wood compression strength testing was conducted according to American Wood
Protection Association Standard E22-12 (AWPA 2012). Wafers were first stored in water
until saturation. The testing apparatus compresses the wafers to 5% measuring their
dimension in the radial direction. The compression strength loss was calculated as a
percentage comparative to the unexposed wafers.
RNA Isolation
RNA isolation was accomplished using the Ambion RNAqueous Kit (Ambion,
Austin, TX). RNA was extracted from five test wafers which were merged into one RNA
sample for each container. To each sampling tube; 1ml lysis buffer was added to the 0.5 g
rasped wood, and each tube placed on ice. Test samples were homogenized using a
Minibeadbeater 16 (Bio Spec Products, Bartlesville, OK) for two to three minutes,
incubated on ice for three minutes, then homogenized again for two to three minutes
followed by three minutes on ice. Centrifugation and washing steps were done according
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to kit instructions (Ambion, Austin, TX), and DNA digestion was performed on the
column with TURBO DNA-free™ Kit (Ambion, Austin, TX).
DNA digestion mixture was prepared by mixing together 42 µl RNase-free water,
5 µl 10x DNase I Buffer, and 3 µl DNase I enzyme. The digestion mixture was gently
mixed and 50 µl was added to each RNA column and incubated at room temperature for
15 minutes. After incubation, the column was washed two times with 500 µl of Wash
Solution 2/3 and centrifuged at 10,000 RCF for 30 seconds, and flow-through was
discarded. The column was placed in a new collection tube and RNA was eluted by 40 µl
of Elution Solution. RNA quantity and quality was determined by a NanoDrop 1000
spectrophotometer (Thermo Scientific, Waltham, MA), and by Experion chip
electrophoresis (RNA StdSens Analysis Kit, Bio-Rad; Hercules, CA). All RNA samples
were stored at -70 0C.
cDNA Synthesis
RNA was converted to first strand cDNA by Invitrogen SuperScript II Reverse
Transcriptase Kit (Carlsbad, CA). For each sample, 1 µl of random hexanucleotide
oligos, 1µg of RNA template and nuclease-free water, 1 µl of 10 mM dNTP mix were
added to a 0.2 mL tube and heated for 5 minutes at 65°C then immediately returned to
ice. Two µl of 0.1 M DTT, 4 µl of 5x First-Strand Buffer, and 1 µl of RNaseOUT™ was
added to the reaction mix and incubated at 25°C for 2 minutes. After incubation, 1 µl of
SuperScript II RT was added to each reaction mix. cDNA synthesis was completed by
using an Eppendorff Mastercycler with incubation at 25°C for 10 minutes, 42°C for 90
minutes, and at 85°C for 5 minutes.
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Real-Time qPCR
Primers for each gene and 18S rRNA (internal reference) were designed by Tang
et al. (2013) to target gene specific regions (Table 2.1). Reverse Transcriptase
Quantitative Polymerase Chain Reaction (RT-qPCR) was examined in real time for the
ten genes to determine gene expression levels. Bio-Rad SYBR green Supermix kit was
used to perform qRT-PCR. The master mix consisted of forward (0.5 µl) and reverse (0.5
µl) primers (final concentration; 10 µM), 10 µl 2x iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA), 8 µl sterile molecular grade water, and 1 µl of cDNA. The cDNA was
diluted 30x for amplification of 18S rRNA, diluted 4x for genes ICL, ODC1, GLOXDH
and undiluted for genes LCC, ODC2, GH10, GH5, AAOX, CAT, and COP.
Amplification protocol for qRT-PCR was 95°C for 3 min, 45 cycles of three steps (95°C
for 15 s, 62°C for 30 s, and 72°C for 30 s), and 72°C for 3 min for final extension. Each
plate contained two biological replicates and three technical replicates of all time points
and tested against the internal reference gene and at least one template control. The ∆∆ct
method (Livak and Schmittgen 2001) was used to calculate the expression level of related
genes. Expression was calculated relative to week 1 for genes ODC1, GLOXDH, LCC,
COP, ICL, CAT, GH10, GH5, AAOX and ODC2. All expression values were normalized
against 18S rRNA. The LSD ANOVA test was used to compare genes among the 8
weeks, and P<0.0001 was selected as a statistically significant.
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Table 2.1

Primers used for qRT PCR to amplify target genes from first strand cDNA
(Tang et al. 2013).

Target Gene

Primer Type Sequence (5' to 3')

18S rRNA

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

ICL
GLOXDH
LCC
ODC1
ODC2
GH10
GH5
AAOX
CAT
COP

TCTTAGTTGGTGGAGTGATTTGTCTGG
ACAGACCTGTTATTGCCTCAAACTTCC
TTCTGCTGGCAGTTCATTACGTTGGCTGG
CATGAGGTTGTCCATGTAGTCCGCACC
GTCTCCCCGTCTACATTTCGGCGACTGC
CTTGTTCACGTACAACTGCAGGTAGAGC
AGTCCCCATTCCTGCAAATCCGGACTCT
GTCAGCTTCTATTATTGTGAAATTGTCGTGG
AAAAGAGCTCTACATCTTCCCCGCTGCAC
TGCGACGGCAATTGTCGTTGACGCCTT
TCGCCAAACCAATATAAATCAACTGTCC
GCCAATTGTTCCCAGGAAATTTCTACC
GGCATGATGCTCAGAGGGCACAACCTGG
ATTATCATTCAGGGGTTCGTTGATGACG
CTGTTGTTCGACGTTCACAAATATCTGG
TCTTGAGCAACGTCAGTGTAGCAACTGG
GGAATGGCTCTTCGCGAATGGTTTTGTG
GGTCGAAGGGGCTTGAGAGTAGACCAGG
TGTTCTGGATCTTACCAAGGCTTGGCGC
AGTCGGTATCGTTGCGTGTCTGGGTAGG
ATTGCAATTGGCTCAGGGAGCGATGTGG
TATATCACACCAGCTGCGATCGGTACAGC

Amplicon
length (bp)
152

Locus
Tag

192

415

194

1257

199

4739

190

7157

187

6399

183

2726

188

509

182

8299

207

6682

188

1430

Results
Wood Compression Strength Loss
The ACQ-treated SYP sapwood wafers were compared to unexposed SYP
sapwood wafers. The exposed wood wafers did not show any strength loss at week 1;
however there was a 5%, 10%, 27%, 48%, 32%, 85%, and 83% strength loss at weeks 2,
3, 4, 5, 6, 7, and 8, respectively (Fig. 2.1).
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Figure 2.1

Percent strength loss of ACQ-treated wafers after exposure to F. radiculosa

RNA Quality
Total RNA was extracted from the samples and the quantity and quality was
determined by Experion™ chip electrophoresis. All RNA samples were of good to
excellent quality and did not show RNA degradation (Fig. 2.2). Experion results for all
samples are listed in Table 2.2.
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Figure 2.2

Gel image of isolated RNA for analysis of gene expression: L; ladder, 1; rat
brain total RNA, 2-16; wells for RNA samples isolated from F. radiculosa
grown on ACQ-treated wood.
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Table 2.2

Experion results for RNA quality in all samples.
SAMPLE
NAME

NANODROP
CONC. ng/µl

EXPERION
CONC. ng/µl

RQI
VALUE

RQI
CLASSIFICATION

D7-3

112.05

95.17

9.5

Green

D7-7

152

106.21

7.6

Green

D14-1

883.85

6,170.42

7.8

Green

D14-4

1,818.6

3,188.89

7.8

Green

D22-6

1,694.65

4,221.36

7.6

Green

D22-11

698.65

5,192.67

6.3

Yellow

D29-9

2,181.05

3,461.07

7.6

Green

D29-15

2,098.75

6,496.50

8.4

Green

D36-5

1,426

3,021.13

8.2

Green

D36-14

1,519.7

3,497.67

6.8

Yellow

D43-8

1,078.15

2,500.74

6.9

Yellow

D43-12

1,418.1

4,129.48

7.6

Green

D50-10

1,284.2

5,097.08

7.7

Green

D50-13

1,510.2

2,819.69

7.4

Green

D57-12

1,671.3

5,896.40

6.5

Yellow

According to the RQI Classifications, Green indicates Excellent quality and Yellow
indicates Good quality RNA.
Gene expression Analysis (qRT-PCR)
Four genes had significantly higher expression on ACQ-D treated wood compared
to week 1. These were aryl alcohol oxidase (AAOX), catalase (CAT), oxalate
decarboxylase (ODC2), and copper resistance P-type ATPase pump (COP). The
expression levels of the other six genes varied over the eight week study.
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For the four genes, AAOX, CAT, ODC2, and COP, the pattern of increased
expression was similar, however, the levels differed. Expression of these four genes
increased from week one to two, the expression levels remained relatively stable until
week seven, when levels of all four genes dropped. The level of expression increase was
around 9-10-fold for the gene AAOX (Fig. 2.3) which has a function to generate
methanol to produce an aromatic aldehyde and H2O2. The expression level increase for
the gene CAT was around 17-fold (Fig. 2.4). CAT is responsible for the degradation of
hydrogen peroxide to water and oxygen. ODC2 had the highest in expression level of 22fold (Fig. 2.5) and has possible functions involving the breakdown of oxalic acid, and
transforming oxalate to formic acid and carbon dioxide. COP increased approximately
16-17-fold (Fig. 2.6), but also showed the greatest decrease in expression at week seven
which was down to 5-fold. COP aids in moving copper into and out of the cell, thus
eliminating excess copper, and providing copper to copper reliant enzymes.
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Figure 2.3

Relative expression values of AAOX in F.radiculosa exposed to ACQ-D
treated test wafers at 1, 2, 3, 4, 5, 6, 7 and 8 weeks.

Expression values were normalized against 18S rRNA. AAOX showed a significant
difference among week 1 to others, except week 7 (P<0.0001) in a LSD ANOVA test
when comparing ACQ-treated wood among 8 weeks intervals.
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Figure 2.4

Relative expression values of CAT in F.radiculosa exposed to ACQ-D
treated test wafers at 1, 2, 3, 4, 5, 6, 7 and 8 weeks.

Expression values were normalized against 18S rRNA. CAT showed a significant
difference between week 1 to others (P<0.0001) in a LSD ANOVA test when comparing
ACQ-treated wood.

Figure 2.5

Relative expression values of ODC2 in F.radiculosa exposed to ACQ-D
treated test wafers at 1, 2, 3, 4, 5, 6, 7 and 8 weeks.

Expression values were normalized against 18S rRNA. ODC2 showed a significant
difference between week 1 to others (P<0.0001) in a LSD ANOVA test when comparing
ACQ-treated wood.
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Figure 2.6

Relative expression values of COP in F.radiculosa exposed to ACQ-D
treated test wafers at 1, 2, 3, 4, 5, 6, 7 and 8 weeks.

Expression values were normalized against 18S rRNA. COP showed a significant
difference between week 1 to others (P<0.0001) in a LSD ANOVA test when comparing
ACQ-treated wood.

The gene for glyoxylate dehydrogenase (GLOXDH) was significantly downregulated at week 2 and then significantly up-regulated at week 8 (Fig. 2.7). There were
no significant fold changes between weeks 3 to 7. GLOXDH has a function in glyoxylate
and dicarboxylate metabolism, and biosynthesis of oxalate.
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Figure 2.7

Relative gene expression value of the gene GLOXDH. Fungus was grown
on ACQ-treated wafers for 8 weeks.

Expression normalized against 18S rRNA. GLOXDH showed a significant difference
between week 1 to others except week 7 (P value < 0.0001) in a LSD ANOVA test
comparing ACQ-treated wood.

The expressions of isocitrate lyase (ICL), oxalate decarboxylase (ODC1), laccase
(LCC), were not significantly different during the eight weeks. ICL (Fig. 2.8) is a
glyoxylate-producing enzyme involved in both TCA and GLOX cycles (Munir et al.,
2001). ODC1 (Fig. 2.9) has a function that is breakdown of oxalic acid, and transforming
oxalate to formic acid and carbon dioxide, however, prior studies indicated ODC1 is
regulated differently than ODC2. LCC plays an important role in oxidation and partial
cleavage of the lignin to generate methanol during brown-rot fungal attack (Fig. 2.10).
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Figure 2.8

Gene expression of ICL when the fungus was grown on ACQ-treated
wafers for 8 weeks.

Expressions were normalized against 18S rRNA. ICL was not significantly different (P
value < 0.0001) in a LSD ANOVA test comparing ACQ-treated wood between 1st week
and other 7 weeks intervals.

Figure 2.9

Gene expression of ODC1 when the fungus was grown on ACQ-treated
wafers for 8 weeks.

Expressions were normalized against 18S rRNA. ODC1 was not significantly different (P
value < 0.0001) in a LSD ANOVA test comparing ACQ-treated wood between 1st week
and other 7 weeks intervals.
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Figure 2.10

Gene expression of LCC when the fungus was grown on ACQ-treated
wafers for 8 weeks.

Expressions were normalized against 18S rRNA. LCC was not significantly different (P
value < 0.0001) in a LSD ANOVA test comparing ACQ-treated wood between 1st week
and other 7 weeks intervals.

The glycoside hydrolase genes (GH5 and GH10) showed similar patterns of
change, with expression level increases at week 5 (Fig. 2.11 and 2.12). Other weeks were
not significantly changed. GH5 and GH10 are common enzymes involved in degradation
of cellulose and hemicellulose.
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Figure 2.11

Relative expression values of GH5 in F.radiculosa exposed to ACQ-D
treated test wafers at 1, 2, 3, 4, 5, 6, 7 and 8 weeks.

Expression values were normalized against 18S rRNA. GH5 was not significantly
different (P value < 0.0001) in a LSD ANOVA test comparing ACQ-treated wood among
8 weeks intervals except for week 5 which was significantly different from the other
weeks.
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Figure 2.12

Relative expression values of GH10 in F.radiculosa exposed to ACQ-D
treated test wafers at 1, 2, 3, 4, 5, 6, 7 and 8 weeks.

Expression values were normalized against 18S rRNA. GH10 was not significantly
different (P value < 0.0001) in a LSD ANOVA test comparing ACQ-treated wood among
8 weeks intervals except for week 5 which was significantly different from the other
weeks.

Discussion
Understanding the metabolic mechanisms that F. radiculosa uses to detoxify the
copper in ACQ-treated wood, plus breakdown the wood cell walls in order to obtain food,
is extremely complicated. One complication is that the fungus is likely doing all of these
things at once plus operating its normal metabolism, thus generating a huge array of
enzymatic processes. Teasing out which of these processes are specifically involved in
copper tolerance or wood decay is challenging. A second complication is the wood itself.
In order to turn on the genes of interest, the fungus has to be grown on wood, not in
liquid media, and this makes isolation of high quality RNA much more difficult. A third
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complication is that as the fungus grows on wood, it is likely that the mycelia that is
spread along the wood is not all at the same stage in the copper tolerance/wood decay
process, thus when extracting mycelia for RNA, a mixture of activities can be obtained.
Lastly, the stage of decay or copper tolerance matters in terms of what genes are being
expressed, thus once again, a mixture of stages can be extracted.
The study presented here analyzed gene expression of F. radiculosa when
growing on ACQ-treated wood over an 8 week period. The results from this study will
be discussed in comparison to two other studies that also measured the expression of
genes by the same fungus. Ohno et al. (2015) measured the expression levels of five
genes in four different isolates of F. radiculosa growing on copper citrate-treated wood
over an 8 week period. Tang et al. (2013) measured the expression levels of the same ten
genes used in this study, while F. radiculosa was growing on MCQ-treated wood over a
22 week period. It should be noted that one difficulty in comparing different studies is
that in order to determine fold-changes in gene expression, the changes must be
compared to a selected time point or treatment. For Ohno et al. (2015) all genes and time
points were compared to the corresponding gene and time point measured for the
equivalent untreated wood samples. For Tang et al. (2013) six genes were calculated
relative to the expression levels of the untreated day 6 samples, and four genes were
calculated relative to the MCQ day 25 samples. This study compared weeks 2-8 to the
expression levels determined in the week 1 ACQ-treated samples.
As F. radiculosa adapts to copper and initiates the wood decay process, it
increases the production of oxalate (Tang et al. 2013; Ohno et al. 2015). Oxalate could
be produced from excess malate originating from either the TCA or GLOX cycles or
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from glyoxylate in the GLOX cycle (Munir et al. 2001). This study measured the
expression levels of two genes likely involved in the production of oxalate, ICL and
GLOXDH, and two genes involved in the breakdown of oxalate, ODC1 and ODC2. As
Figure 2.8 shows, the levels of ICL did not significantly change during the eight weeks,
however, there was a distinct trend. Expression of ICL was increased about 2-fold at
week 2, then there was a steady reduction of expression until week 5, when there was a
repression of expression during week 6 and 7. Ohno et al. (2015) found increased
expression of ICL at week 2 from three of four F. radiculosa isolates tested, then a drop
of expression by week 4. In comparison, Tang et al. (2013) found increased expression
of ICL on MCQ-treated wood at week 3.6, followed by a steady decline in expression
levels through week 22. Low levels of ICL expression were found on untreated wood
throughout the study. All three studies measured some increase in ICL early in the decay
process in the presence of copper, followed by a decline in expression level over time.
ICL is a key enzyme in the TCA cycle which generates needed energy for fungal
metabolism, and since both energy and oxalate are needed for wood decay to occur, it is
difficult to directly link this enzyme to oxalate production.
GLOXDH converts glyoxylate from the GLOX cycle into oxalate. In this study,
expression of GLOXDH decreased 20-fold in week 2, relative to the comparison of week
1(Fig. 2.7). Expression levels remained down through week 8. This means that the
highest level of expression for GLOXDH occurred at week 1. GLOXDH was highly
expressed at week 3 when the fungus was growing on MCQ-treated wood, and
expression levels decreased over time (Tang et al. 2013). On copper citrate-treated wood,
three isolates showed increased expression of GLOXDH at week 2, and expression levels
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drastically dropped at week 4. Thus GLOXDH shows similar expression patterns to ICL,
in that the highest levels are detected very early in decay and adaptation. Tang et al.
(2015) correlated ICL and GLOXDH expression levels to zero percent strength loss. In
this study, the highest expression level of GLOXDH occurred at zero percent strength
loss, while the highest levels of ICL expression occurred at five percent strength loss.
ODC breaks down oxalate to formic acid and carbon dioxide, thus allowing the
fungus to control the levels of oxalate in its surrounding environment. Tang et al. (2012)
discovered two different ODC genes that were expressed under different conditions.
ODC1 was expressed on MCQ-treated wood, with expression levels increasing from
week 3.6 until week 70 (Tang et al. 2013). ODC1 was not expressed on untreated wood.
In contrast, ODC2 was not expressed on MCQ-treated wood but highly expressed on
untreated wood at day 6, with levels decreasing in following weeks. The current study
found something different. ODC2 expression levels were high at week 2 and remained
high through week 8 (Fig. 2.5), while ODC1 expression levels were slightly increased at
week 2 and steadily decreased through week 8 (Fig. 2.9). In this study the expression
pattern of ICL and ODC1 were similar. Ohno et al (2015) did not measure ODC
expression. At this time, there is not enough information to speculate why these two
studies found different patterns of expression. It should be pointed out that one study
contained copper in the micronized form while the other contained soluble copper oxide.
The rate of decay as measured by strength loss was also very different. Fifty-four percent
strength loss occurred at week 22 on MCQ-treated wood(Tang et al. 2013), while fifty
percent strength loss was found in this study on ACQ-treated wood at week 5. Further
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studies are needed that directly compare these preservative treatments in order to
understand the regulation patterns of these two genes.
In order for wood decay to proceed, the fungus needs to generate the necessary
components for the Fenton reaction to occur and for hydroxyl radicals to be produced.
Thus the fungus needs to produce hydrogen peroxide. Two of the genes measured in the
current study may have a role in the production of hydrogen peroxide, AAOX and
LACC, while a third gene, CAT, breaks down hydrogen peroxide. In this study, both
AAOX and CAT expression patterns were similar (Fig. 2.3 and Fig. 2.4). Both genes
significantly increased from week 1 to week 2, remained high until week 7, when they
dropped, but increased again at week 8. In contrast, Tang et al. (2013) found expression
of AAOX on MCQ-treated wood was not detectable or low. Only the week 22 time point
measured AAOX expression. Expression of CAT was also low on MCQ-treated wood,
with detectable levels at week 10 and week 22. However, both AAOX and CAT
expression was significantly greater on untreated wood. These authors postulated that
perhaps AAOX was not generating hydrogen peroxide for the Fenton reaction in F.
radiculosa, but in fact, it may be laccase driving the Fenton system. In the Tang et al.
(2013) study, the expression of LCC increased from week 3.6 until week 10, and then
dropped at week 22. The current study found that LCC expression was low and not
significant at all time points (Fig. 2.10). There was a 1-fold increase from week1 to week
2, and then expression remained about the same until week 6 when expression levels
dropped. They rose again slightly at weeks 7 and 8. Thus the current study points to
AAOX as the possible source to drive Fenton chemistry during decay.
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The last gene measured in this study that may be involved in the copper tolerance
mechanism is the copper resistance associated P-type ATPase pump (COP) which
potentially moves excess copper out of the cell. The four isolates of F. radiculosa in
Ohno et al. (2015) study each showed different expression patterns for COP. The isolate
TFFH-294, which is the same as in the current study, showed the highest expression level
at week 2, then a steady decrease in expression levels until week 8. Tang et al. (2013)
measured a highest expression of COP at first time point with a decline over time.
Expression levels on untreated wood were higher than on MCQ-treated wood, but were
still relatively low. In the current study, COP showed a very similar pattern of expression
as AAOX, CAT, and ODC2. The level of expression significantly increased at week 2,
remained high until week 7, and increased again at week 8 (Fig. 2.6). This suggests that
during weeks 2 to 6, hydrogen peroxide is being produced (AAOX) and concentrations
regulated (CAT), oxalate levels are being regulated (ODC2) and copper levels are being
regulated (COP).
The polysaccharide genes measured in this study are two glycoside hydrolases
which play a role in the degradation of cellulose and hemicellulose. In the current study,
the only significant increase in level of expression of both GH5 and GH10 was at week 5
when there was fifty percent loss of wood strength (Figs. 2.11 and Fig. 2.12). This same
result was found in Tang et al. (2013) where the highest expression of these two genes
were at week 22, when there was fifty-four percent loss of wood strength. This suggests
that at fifty percent strength loss, the wood cells have degraded to the extent that the
enzymes responsible for cellulose and hemicellulose degradation can penetrate into the
walls and access their substrates. What was surprising is that the current study, the
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expression of both genes significantly dropped after week 5. One might have expected a
continuation of gene expression in the subsequent weeks.
In conclusion, this study compared the expression level of ten genes thought to be
involved in the mechanism of copper tolerance and wood decay in the brown rot fungus,
F. radiculosa. Some similarities and some differences were seen among this study and
two previous studies. Tang et al. (2013) postulated that F. radiculosa is employing a
laccase-driven Fenton chemistry to both overcome the copper and initiate decay the
wood. Based on the results from this study, F. radiculosa appears to regulate Fenton
chemistry through the production and break down of hydrogen peroxide by AAOX and
CAT. The production of oxalate did not correlate to GLOXDH activity and the
alternative enzyme, oxaloacetate hydrolase, was not measured. Break down of oxalate
through ODC2 did correlate to both AAOX and CAT activity, as did the activity of the
copper pump, COP. In contrast to Tang et al. (2013), LCC did not appear to be driving
the mechanism for F. radiculosa when grown on ACQ-treated wood. Each of the three
studies compared here provided different answers to the same questions. Whether these
differences stem from the different treatments tested or the extreme complexities
involved in trying to control the metabolic state of the fungus and stage of decay, is not
known. Obviously future studies are required in order to truly understand how this fungus
is adapting to copper and decaying the treated wood.
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CHAPTER III
TRANSCRIPTOMIC ANALYSIS OF WOOD DECAY FUNGUS FIBROPORIA
RADICULOSA IN COPPER AND ORGANIC BASED
WOOD PRESERVATIVES
Introduction
Brown-rot decay is the major type of decay found in wood in residential or
building applications (Eriksson et al. 1990). Brown-rot fungi use both a non-enzymatic
and enzymatic approach to decay wood cell walls, but they lack the main lignindegrading enzymes found in the white-rot fungi. Thus as the wood cell walls are being
degraded by brown-rot fungi, the wood loses structural integrity due to the breakdown of
hemicellulose and cellulose. Hyphae grow within the cell lumen, producing a slime
sheath which binds the hyphae to the S3 layer of the wood cell wall. Decay begins in the
S2 layer, while the S3 layer and middle lamella are not affected in the early stages, thus
decay is occurring away from the hyphae. Characteristics of brown-rot decay include
rapid depolymerization of the hemicellulose and cellulose in the S2 layer, resulting in a
rapid reduction in wall strength early in the decay process, with only a small detectable
loss in weight. There can be widespread loss of hemicellulose and cellulose when only a
small amount of hyphae is present, producing an excess of polysaccharide by-products
(Eriksson et al. 1990; Arantes and Goodell 2014). All enzymes are too large to penetrate
the S3 and S2 layers at the early stage of decay. As decay progresses, the porosity of the
64

cell wall layers increase and breakdown of the other cell layers is observed. During this
process, lignin is modified by demethylation of both the phenolic and non-phenolic
portions and some loss of lignin in the cell walls and middle lamellae is observed
(Eriksson et al. 1990).
The mechanism the brown-rot fungi employ to depolymerize the S2 layer is
believed to involve the generation of free radicals, such as the hydroxyl radical (⋅OH),
non-enzymatically via Fenton chemistry (Fe3+ + H2O2 Fe2+ + ·OH + -OH) (Goodell et
al. 1997; Hammel et al. 2002; Arantes et al. 2012). Support for the role of Fenton
chemistry in non-enzymatic decay has come from both laboratory studies as well as
analysis of the of genome, transcriptome, and secretome of select brown-rot fungi
(Goodell et al. 1997; Yelle et al. 2008; Arantes et al. 2009; Arantes et al. 2011; Martinez
et al. 2009; Tang et al. 2013). For the Fenton reaction to proceed, ferric iron, low
molecular weight (LMW) mediators, and hydrogen peroxide must be present in the S2
layer. Hydrogen peroxide is one of the most important reactants for Fenton chemistry to
occur. Two possible sources for hydrogen peroxide have been proposed; demethylation
of lignin to form methanol and the reduction of oxygen. Methanol can be converted into
formaldehyde and hydrogen peroxide by fungal alcohol oxidases. Martinez et al. (2009)
and Vanden Wymelenberg et al. (2010) described cellulose-induced expression of
methanol oxidases in P. placenta, while, Tang et al. (2013) found increased expression of
aryl-alcohol oxidase (AAOX) and a copper radical oxidase during early stages of brownrot decay by F. radiculosa. However, the expression level was low when F. radiculosa
was growing on MCQ treated wood (Tang et al. 2013). Aryl-alcohol oxidases are known
to produce an aromatic aldehyde and H2O2 from methanol. After a certain point in the
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brown-rot decay process, the self-regenerating Fenton-based system must be shut down.
The production of H2O2 needs to be reduced to avoid oxidative damage of hyphae. The
enzyme catalase (CAT) helps protect the fungal cells from oxidative damage caused by
reactive oxygen species.
The necessary ferric iron (Fe3+) must first be solubilized from the surrounding
wood cells. One proposed mechanism is based on the presence of high levels of oxalic
acid (Arantes and Goodell 2014). Oxalate is believed to play a very important role in the
general mechanism of brown-rot decay by reducing the pH of the fungal sheath,
promoting solubilization of the ferric iron, and forming Fe:oxalate complexes. Numerous
studies have shown an increased production of oxalic acid, a known metal chelator,
during early stages of decay by some, but not all, brown rot fungi (Green et al.1991;
Shimada et al. 1997; Woodward and DeGroot 1999; Schilling and Jellison 2006; Hastrup
et al. 2012a). However, in the presence of toxic levels of copper, the levels of oxalic acid
produced by the fungus drastically increases. Biosynthesis of oxalate in brown-rot fungi
potentially occurs through a coupling of the tricarboxylic acid (TCA) cycle located in the
mitochondria and the glyoxylate (GLOX) cycle located in the peroxisome (Dutton and
Evans 1996; Munir et al.2001; Hastrup et al.2006). Oxalate could also be produced from
excess malate originating from either the TCA or GLOX cycles or from glyoxylate in the
GLOX cycle (Munir et al. 2001).
Isocitrate lyase (ICL) converts isocitrate to glyoxylate and succinate in the GLOX
cycle. If the fungus needs to increase production of ATPs in the TCA cycle or increase
glyoxylate levels in the GLOX cycle, both isocitrate and succinate could be shunted
between the two cycles by an antiporter protein (Tang et al.2013). Glyoxylate can be
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converted to oxalate by the enzyme glyoxylate decarboxylase (GLOXDH). Thus one
possible source of increased oxalate is to increase production of glyoxylate and
conversion to oxalate. Recent genetic studies showed upregulation of both the GLOXDH
and ICL genes in F. radiculosa while it was growing on MCQ treated wood (Tang et al.
2013). However, ICL was not upregulated on ammoniacal copper citrate (CC) treated
wood (Ohno et al. 2015) or on untreated wood (Tang et al. 2013). High expression levels
of GLOXDH are proposed to result in increased oxalate production which forms copper
oxalate crystals in F. radiculosa (Tang et al. 2013). The concentration of oxalate was also
found to be high when F. radiculosa was growing on copper citrate (CC) treated wood.
Several authors have proposed a complete Fenton-based system driven by the
enzyme laccase when high levels of oxalate are present (Wei et al. 2010; Tang et al.
2013). Laccase is believed to be involved in the oxidation and partial cleavage of lignin,
generating methanol, during brown-rot fungal attack (Irbe et al. 2001; Yelle et al. 2008).
Additionally, laccase can oxidize the methoxyhydroquinones produced by fungi, which
include many of the LMW mediators described above (Kerem et al. 1999; Jensen et al.
2001; Shimokawa et al. 2004; Suzuki et al. 2006; Hastrup et al. 2013), to a semiquinone
radical. The methoxysemiquinone radicals produced by laccase are considered to be
better reductants of ferric iron than the parent hydroquinone plus these radicals can
reduce O2 to perhydroxyl radicals which forms hydrogen peroxide (Wei et al. 2010).
In order to inhibit the brown-rot decay fungi from destroying wood products that
are used in outdoor applications and residential construction, the products must first be
treated with a preservative. Copper is currently the main biocidal component used in
preservative treated wood products. It is active against soft rot and white-rot fungi as
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well as many species of brown-rot fungi; although certain brown-rot fungi have the
ability to overcome or tolerate the copper-component (Freeman and McIntyre 2008).
This select group of brown-rot fungi are termed copper tolerant. The organic co-biocide,
such as quat or azole, is added to the formulation to inhibit these copper tolerant species.
Hastrup et al. (2005) defined copper tolerance as 'the capacity of an organism to survive
in the presence of high copper ions'. It has been well documented that the copper tolerant
brown rot fungus, Fibroporia radiculosa, adapts to copper thorough increased oxalic acid
production and formation of copper oxalate crystals which precipitate crystals on the
surface of the wood cell rendering the copper both insoluble and inert (Green and
Clausen 2003; Ohno et al. 2015; Tang et al. 2013; Woodward and DeGroot1999).
Also associated with copper tolerance is the ability of the organism to regulate the
excess copper ions. Copper is an essential micronutrient and must be able to pass
through cell walls and membranes in order to become associated with enzymes that
require copper. Movement of ions across cell membranes is accomplished by P-type
ATPase pumps. The copper resistance P-type ATPase pumps (COP) are ion and lipid
pumps found in archaea, bacteria, and eukaryotes (Thever and Saier 2009; RodríguezNavarro and Benito 2010). In F. radiculosa, three putative copper-ATPases and one
copper homeostasis gene have been identified (Tang et al. 2012). Ohno et al. (2015)
found that four different isolates of F. radiculosa when growing on copper citrate treated
wood, differed in their expression patterns of COP. All showed increased expression
levels of COP over time, but in some isolates expression increased earlier than others. In
comparison to genes involved in oxalate production, the authors suggest that three of the
isolates seem to be removing copper from the cells (COP increase) before oxalate is
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produced in high enough levels to bind the copper ions; while one of the isolates appears
to wait until oxalate is in high concentrations before activating the pump. In contrast,
Tang et al. (2013) found significantly higher expression of COP on untreated wood than
MCQ treated wood. Additionally, there was no correlation to COP activity and strength
loss. Thus the direct role of these genes in the copper tolerance system is uncertain.
Not all brown rot fungal species are copper tolerant, and among those that are
copper tolerant, there is variation in tolerance levels depending on the preservative
formulation, fungal species as well as fungal isolate (Hastrup et al. 2005; Freeman and
McIntyre 2008). Thus there is unlikely a single mechanism employed by fungi for
copper tolerance. The mechanism of copper tolerance and preservative breakdown that F.
radiculosa uses in order to overcome the preservative-treated wood is very complex.
There are still many gaps in the knowledge base leading to a lack of understanding of the
mechanism of overcoming the toxicity of various wood treatments by this group of fungi.
Seeking a way to understand this mechanism is critical. Understanding gene regulation is
one way to elucidate the complex mechanism which is being used by copper tolerant
brown-rot fungi. This study used high-throughput RNA sequencing of F. radiculosa
genes when growing on wood treated with different components of the common wood
preservatives including copper, azole, quat and untreated wood over different stages of
decay. In addition, qRT-PCR was used to analyze the expression of ten genes thought to
play a role in copper tolerance and wood decay, when the fungus was growing on wood
treated with the two most common wood preservatives, alkaline copper quat (ACQ-D)
and copper azole (CA), as well as their individual components. The goal of this study
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was to better understand the metabolic mechanisms used by F. radiculosa to overcome
wood preservatives and degrade the wood products.
Materials and Methods
Fungus Isolate
Strain of Fibroporia radiculosa TFFH 294 was provided by Carol Clausen,
USDA Forest Service, Forest Products Laboratory, Madison, WI. Fungus was grown for
15 days at 27°C on Malt agar (BD, Fisher Scientific, Pittsburg, PA) media plates.
Preservative Treatments and Ground Wood Preparation
Southern yellow pine decking boards measuring 40 by 1.75 by 2.5 inches (100 cm
length x 4.4 cm width x 6.25 cm height) were vacuum-treated with the following wood
preservatives: copper treatment was 66.7 % copper oxide (CuO) 0.2 pcf (ground contact
level); quat treatment was 33.3 % dimethyldidecyl ammonium carbonate (DDAC) with
0.132 pcf (ground contact level); azole treatment was 1.95 % propiconazole and 1.95%
tebuconazole with 0.0058 pcf (ground contact level); ACQ-treatment was 66.7 % copper
oxide (CuO) plus 33.3 % DDAC; and CA-treatment was 66.7 % copper oxide (CuO) plus
1.95 % propiconazole and 1.95% tebuconazole () . After drying, the boards from all five
treatments and untreated boards were ground in a Bauer wood grinder (Model:
5K4324A21) and then sent through Universal vibrating screens (Model: Type S # 1354)
to collect material in a range from 0.5 to 4mm particle size. The larger material was then
sent back to the grinder and process repeated until there was no material left to grind.
The ground wood was weighed into 100 g portions and autoclaved for 30 minutes prior to
inoculation to prevent contamination.
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Fungal Growth on Ground Wood
Six test containers (300x200x80mm) were prepared as biological replicates for
each treatment and each container was sampled at each time point. Each test container
contained 375 mL distilled water, 850 g of soil, and 18 southern yellow pine (SYP)
sapwood feeder strips measuring 73 by 22 by 2 mm (l x w x t) that were placed directly
on the moist soil surface(Fig 3.1). The entire container was sterilized with disinfectant.
The lids contained four air holes filled with sterile cotton to provide air exchange. Sterile
containers were inoculated with approximately 6 mm plugs (36 plugs each container) of
actively growing mycelia and incubated at 27°C for 2 weeks to allow mycelia to cover
the feeder strips. After the 2 week colonization period, 100 grams of autoclaved ACQ,
CA, copper, quat, azole, or untreated ground wood were placed directly on top of the
SYP feeder strips and incubated at 27°C (Fig 3.2). Because of the large number of
samples that needed to be extracted for RNA, the overall study occurred in two phases.
The first phase included the copper, quat, and azole treatments plus untreated wood. The
second phase included ACQ and CA-treatments plus untreated wood. All total, 42
containers were prepared: 24 containers (six biological replicates for each treatment) for
the first phase and 18 containers (six biological replicates for each treatment) for the
second phase. Thirty tubes (5 tubes from each container x 6 containers) were sampled for
each treatment for every sampling day. Ground wood samples (0.5g) were weighed into
2ml tubes under a biosafety hood to prevent contamination. Samples were removed for
first phase of study at days 5, 9, 13, 16, 20, 23, 27, 30, 34, 37, 41, 44, 51, 58, 65, 75, and
84 for RNA extraction. In second phase of study, samples were removed at days 7, 14,
21, 28, 35, 42, 49, and 56 for RNA extraction. All five tubes from one container were
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extracted and ultimately merged into one RNA sample resulting in one RNA sample from
each container at each sampling date. Material was stored at -70°C until RNA isolation.
During the sampling times, 5g of ground wood were also taken from each container for
calculation of moisture content (MC), microscopy, and particle counting. These samples
were stored at -20°C.

Figure 3.1

Decay test set up with feeder strips placed directly onto moist soil.
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Figure 3.2

Decay test set up with feeder strips covered with copper-treated ground
wood exposed to F. radiculosa.

Sample Counting
The level of wood decay was estimated by counting the particles that were taken
from each container at each time point. Samples were weighed (0.1 g) from each
container into a petri dish, and then dried at 100°C for 1 hour. Dried samples were
reweighed to calculate the percentage moisture content for each sample according to
formula: percent MC = [(weight with water – OD (oven dry) weight)/OD weight] x 100
(Bowyer et al. 2007). The number of wood particles in the 0.1 g of dried material was
counted and recorded. Six replicates were counted from each treatment and time point.
Additionally, photographs were taken of the test containers at most time points.
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RNA Isolation
RNA isolation was accomplished using the QIAGEN RNeasy Plant Mini Kit
(QIAGEN Redwood City). RNA was extracted from five test samples which were then
merged into one RNA sample for each container. To each sampling tube, 1ml lysis buffer
was added to the 0.5 g ground wood, and each tube placed on ice. Quat, azole, ACQ, and
untreated wood samples were homogenized using a Minibeadbeater 16 (Bio Spec
Products, Bartlesville, OK) for one to two minutes, then incubated on ice for two
minutes, and then homogenized again for one to two minutes followed by two minutes on
ice. Because the RNA quality was repeatedly poor using this procedure for copper and
CA-treated wood, these samples were homogenized thirty to forty-five seconds, then
incubated on ice for one minute, and then homogenized again for thirty to forty-five
seconds followed by one minute on ice. In addition, samples of copper and CA-treated
wood were incubated in 65°C for 5 min to improve the quality of total RNA.
Centrifugation and washing steps were done according to kit instructions (QIAGEN
Redwood City), and DNA digestion was performed on the column with RNase-Free
DNase Kit (QIAGEN Redwood City).
The DNA digestion mixture was prepared by adding 70µl of RNase-free Buffer
RDD and 10µl of RNase-free DNase I. The digestion mixture was gently mixed and 80
µl was added to each RNA column and incubated at room temperature for 15 minutes.
After incubation, the column was washed two times with 500 µl of Wash Solution RPE
and centrifuged at 10,000 RCF for 15 seconds and, and flow-through was discarded. The
column was placed in a new collection tube and RNA was eluted with 45 µl of TrisEDTA buffer solution (Thomas Scientific). RNA quantity and quality was determined by
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a NanoDrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA), and by
Experion chip electrophoresis (RNA StdSens Analysis Kit, Bio-Rad; Hercules, CA). All
RNA samples were stored at -70 °C.
cDNA Synthesis
RNA was converted to first strand cDNA by Invitrogen SuperScript II Reverse
Transcriptase Kit (Carlsbad, CA). For each sample, 1 µl of random hexanucleotide
oligos, 1µg of RNA template and nuclease-free water, 1 µl of 10 mM dNTP mix were
added to a 0.2 mL tube and heated for 5 minutes at 65°C then immediately returned to
ice. Two µl of 0.1 M DTT, 4 µl of 5x First-Strand Buffer, and 1 µl of RNaseOUT™ was
added to the reaction mix and incubated at 25°C for 2 minutes. After incubation, 1 µl of
SuperScript II RT was added to each reaction mix. cDNA synthesis was completed by
using an Eppendorff Mastercycler with incubation at 25°C for 10 minutes, 42°C for 90
minutes, and at 85°C for 5 minutes.
Real-Time qPCR
Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT-qPCR) was
performed in real time for ten genes to determine gene expression levels for each
treatment. The putative genes were: isocitrate lyase (ICL), glyoxylate dehydrogenase
(GDH), oxalate decarboxylase (ODC1 and ODC2), laccase (LCC), glycoside hydrolase
families 5 (GH5) and 10 (GH10), aryl alcohol oxidase (AAOX), catalase (CAT), and
copper resistance P-type ATPase pump (COP). All of these genes are believed to be
involved in wood decay or copper tolerance in F. radiculosa (Tang et al. 2012 and 2013).
Primers for each gene and 18S rRNA (internal reference) were designed by Tang et al.
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(2013) to target gene specific regions (Table 3.1). Bio-Rad SYBR green Supermix kit
was used to perform qRT-PCR. The master mix consisted of forward (0.5 µl) and reverse
(0.5 µl) primers (final concentration: 10 µM), 10 µl 2x iQ SYBR Green Supermix (BioRad, Hercules, CA), 8 µl sterile molecular grade water, and 1 µl of cDNA. The cDNA
was diluted 200x for amplification of 18S rRNA, and undiluted for all genes.
Amplification protocol for qRT-PCR was 95°C for 3 min, 45 cycles of three steps (95°C
for 15s, 62°C for 30s, and 72°C for 30s), and 72°C for 3 min for final extension. Each
plate contained four biological replicates and three technical replicates of all time points
and tested against the internal reference gene and at least one template control.
The ∆∆ct method (Livak and Schmittgen 2001) was used to calculate the
expression level of related genes. Expression was calculated relative to early, middle and
late stages of decay for each treatment and untreated samples. The different treatments
reached the stages of decay at different points of time. For the all stages of decay,
untreated day 9 was compared to quat, azole, copper, ACQ, and CA. All expression
values were normalized against 18S rRNA. LSD ANOVA test was used to statistically
compare the expression levels of each gene, and P<0.0001 was chosen as statistically
significant.
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Table 3.1

Primers used for qRT PCR to amplify target genes from first strand cDNA
(Tang et al. 2013).

Target Gene

Primer Type Sequence (5' to 3')

18S rRNA

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

ICL
GLOXDH
LCC
ODC1
ODC2
GH10
GH5
AAOX
CAT
COP

TCTTAGTTGGTGGAGTGATTTGTCTGG
ACAGACCTGTTATTGCCTCAAACTTCC
TTCTGCTGGCAGTTCATTACGTTGGCTGG
CATGAGGTTGTCCATGTAGTCCGCACC
GTCTCCCCGTCTACATTTCGGCGACTGC
CTTGTTCACGTACAACTGCAGGTAGAGC
AGTCCCCATTCCTGCAAATCCGGACTCT
GTCAGCTTCTATTATTGTGAAATTGTCGTGG
AAAAGAGCTCTACATCTTCCCCGCTGCAC
TGCGACGGCAATTGTCGTTGACGCCTT
TCGCCAAACCAATATAAATCAACTGTCC
GCCAATTGTTCCCAGGAAATTTCTACC
GGCATGATGCTCAGAGGGCACAACCTGG
ATTATCATTCAGGGGTTCGTTGATGACG
CTGTTGTTCGACGTTCACAAATATCTGG
TCTTGAGCAACGTCAGTGTAGCAACTGG
GGAATGGCTCTTCGCGAATGGTTTTGTG
GGTCGAAGGGGCTTGAGAGTAGACCAGG
TGTTCTGGATCTTACCAAGGCTTGGCGC
AGTCGGTATCGTTGCGTGTCTGGGTAGG
ATTGCAATTGGCTCAGGGAGCGATGTGG
TATATCACACCAGCTGCGATCGGTACAGC

Amplicon
length (bp)
152

Locus
Tag

192

415

194

1257

199

4739

190

7157

187

6399

183

2726

188

509

182

8299

207

6682

188

1430

Illumina Transcriptomics (RNA Seq)
Isolated total RNA samples for untreated days 5, 9, 16, azole-treated days 9, 15,
23, copper-treated days 9, 16, 27, and quat-treated days 13, 20, 34 were shipped to
Eurofins Genomic (Kentucky-USA) to be sequenced. All treatments represented three
stages of decay (early, mid, and late) and there were four biological replicates for each
sample. Quality control for 48 total RNA samples was performed before cDNA library
preparation by Eurofins Genomics. Libraries for cDNA were created via PolyA tagging
using the Illumina TruSeq Stranded mRNA kit. A total of 46 RNA samples were
sequenced on the Illumina HiSeq 2500 using high-output run mode with chemistry v4.
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Two RNA samples were removed from the runs due to low quality RNA. Twenty-two
libraries per channel for total of 2 channels were prepared with 1 x 125 bp single-end
reads.
RNA Seq Data analysis
RNA Seq data analysis was performed by Tony Arick at the Institute for
Genomics, Biocomputing and Biotechnology (IGBB) at Mississippi State University. All
samples were mapped to the F. radiculosa TFFH 294 genome (Tang et al.2012) using
Tophat (v2.0.13) (Kim et al. 2013). Estimated gene expressions were produced by HTSeq
(v0.6.1) (Anders et al. 2014) from the alignments. Genes with no expression were
removed from further analysis (Bourgon et al. 2010). EdgeR (v3.10.5) (Robinson et al.
2010) was used to find differentially expressed genes. Generalized linear models were
used to test for differential expression based on contrasting early versus mid, mid versus
late, and each treatment versus untreated for each changing time point. Early time points
were untreated day 5, azole and copper day 9, and quat day 13. Mid time points were
untreated day 9, azole and copper day 16, and quat day 20. Late time points were
untreated day 13, azole day day 23, copper day 27, and quat day 34. Genes with a FDR
adjusted p-value <= 0.05 were considered differentially expressed.
Results
Determining Stage of Wood Decay
The stage of wood decay was estimated by the breakdown of the wood particles
over time and by the visual appearance of the wood particles and fungus. To estimate
breakdown, the numbers of exposed wood particles in oven-dried samples (0.1g) were
counted for each time point with six replicates for each treatment and time. The
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assumption is that as the wood breaks down, the number of particles in a given weight
will increase. Tang et al. (2013) found that the mycelia of F. radiculosa turned from
white to yellow as the wood became more decayed. Yellow mycelia was seen on wood
blocks that had more than 50% strength loss as measured by compression. This visual
information in conjuntion with particle size changes, allowed the estimation of early,
middle, and late decay stages for each treatment.
Figures 3.3, 3.5, 3.7, 3.9, 3.11, and 3.13 provide a visual representation of the
fungus at the three stages of decay growing on untreated, azole-treated, copper-treated,
quat-treated, CA-treated, and ACQ-treated wood, respectively. Figures 3.4, 3.6, 3.8, 3.10,
3.12, and 3.14 maps the increase in particle number as the decay stages change on
untreated, azole-treated, copper-treated, quat-treated, CA-treated, and ACQ-treated wood,
respectively. These figures also delineate when each treatment changed from early to
middle to late stages of decay. An interesting comparison of how the rate of decay
progression differed for each treatment can be made by looking when the middle stage of
decay occurs. For untreated it is at day 13, for azole-treated at day 16, for copper-treated
at day 20, for quat-treated at day 34, for CA-treated at day 21, and for ACQ-treated at day
35. Figure 3.15 shows a close-up view of the fungus growing on quat-treated wood early
decay stage, and copper-treated wood both early and middle decay stage.
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Figure 3.3

F. radiculosa growing on untreated wood and delineation of the early,
middle, and late stages of decay.

Hyphae become very yellow after the middle stage of decay.

Figure 3.4

Changes in particle number per 0.1 g of wood over time in untreated
ground wood samples.

Yellow shadow represents early stage of decay, green shadow represents mid
stage of decay, and red shadow represents late stage of decay.
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Figure 3.5

F. radiculosa growing on azole-treated wood and delineation of the early,
middle, and late stages of decay.

Hypha becomes very yellow after the middle stage of decay.

Figure 3.6

Changes in particle number per 0.1 g of wood over time in azole-treated
ground wood samples.

Yellow shadow represents early stage of decay, green shadow represents mid stage of
decay, and red shadow represents late stage of decay.
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Figure 3.7

F. radiculosa growing on copper-treated wood and delineation of the early,
middle, and late stages of decay.

Hypha becomes very yellow after the middle stage of decay. Copper causes the wood to
appear dark.

Figure 3.8

Changes in particle number per 0.1 g of wood over time in copper-treated
ground wood samples.

Yellow shadow represents early stage of decay, green shadow represents mid stage of
decay, and red shadow represents late stage of decay.
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Figure 3.9

F. radiculosa growing on quat-treated wood and delineation of the early,
middle, and late stages of decay.

Hypha becomes yellow after the middle stage of decay. Quat appeared to inhibit the
growth of the fungus, more so than other treatments.

Figure 3.10

Changes in particle number per 0.1 g of wood over time in quat-treated
ground wood samples.

Yellow shadow represents early stage of decay, green shadow represents mid stage of
decay, and red shadow represents late stage of decay.
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Figure 3.11

F radiculosa growing on CA-treated wood and delineation of the early,
middle, and late stages of decay.

Hypha becomes very yellow after the middle stage of decay.

Figure 3.12

Changes in particle number per 0.1 g of wood over time in CA-treated
ground wood samples.

Yellow shadow represents early stage of decay, green shadow represents mid stage of
decay, and red shadow represents late stage of decay.
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Figure 3.13

F. radiculosa growing on ACQ-treated wood and delineation of the early,
middle, and late stages of decay.

Hypha becomes very yellow after the middle stage of decay. Copper causes the wood to
appear dark.

Figure 3.14

Changes in particle number per 0.1 g of wood over time in ACQ-treated
ground wood samples.

Yellow shadow represents early stage of decay, green shadow represents mid stage of
decay, and red shadow represents late stage of decay.
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Figure 3.15

Close-up view of F. radiculosa growing on (A) quat-treated wood early
decay stage, (B) copper-treated wood early decay stage, and (C) coppertreated wood middle decay stage.

Moisture Content (MC) of Samples
Moisture contents of the wood particles for each treatment are plotted in Figures
3.16, 3.17 and 3.18. The MC in all containers increased over time and ranged from 40%
to 85%.
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Figure 3.16

Changes in moisture content over time in untreated and azole-treated wood.
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Figure 3.17

Changes in moisture content over time in copper-treated and quat-treated
wood.

Figure 3.18

Changes in moisture content over time in CA-treated and ACQ-treated
wood.
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RNA Quality
Total RNA was extracted from all samples and the quantity and quality
determined by Experion™ chip electrophoresis and Nanodrop. For first phase of study,
all RNA samples were of excellent quality (Fig. 3.19 and Table 3.2). For second phase of
study, ACQ and CA samples were mostly of excellent quality of RNA (Fig. 3.20 and
Table 3.2). Isolation of good quality RNA samples from the CA-treatment proved to be
very difficult. After day 21 there were many repeated attempts to extract good quality
RNA, however, none of these attempts were successful.

Figure 3.19

Gel image of isolated RNA for analysis of gene expression; L: ladder, 1: rat
brain total RNA, 2-5: wells with RNA isolated from F. radiculosa grown
on copper-treated wood, 6-9: wells with RNA isolated from F. radiculosa
grown on untreated wood, 10-13: wells with RNA isolated from F.
radiculosa grown on azole-treated wood, 14-17: wells with RNA isolated
from F. radiculosa grown on quat-treated wood.
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Figure 3.20

Gel image of isolated RNA for analysis of gene expression; L: ladder, 1: rat
brain total RNA, 2-5: wells with RNA isolated from F. radiculosa grown
on CA-treated ground wood, 6-9: wells with RNA isolated from F.
radiculosa grown on ACQ-treated ground wood, 10-13: wells with RNA
isolated from F. radiculosa grown on untreated ground wood.

Table 3.2

Experion and Nanodrop results indicating the RNA quality and quantity
for all samples.

CODE

NANODROP
CONC.
ng/µl

EXPERION
CONC. ng/µl

RQI
VALUE

RQI

CODE

NANODROP
CONC.
ng/µl

EXPERION
CONC. ng/µl

RQI
VALUE

RQI

U5-1

320.69

469.81

7.9

Green

A23-3

615.9

969.2

7.9

Green

U5-2

323.02

367.33

7.9

Green

A23-4

288.94

535.55

8

Green

U5-3

428.92

475.63

8.2

Green

A27-1

577.1

1050.04

7.8

Green

U5-4

329.43

503.21

7.4

Green

A27-2

280.02

452

6.7

Yellow

U9-1

291.29

327.08

7.9

Green

A27-3

352.09

675.1

7

Green

U9-2

299.19

336.88

8

Green

A27-4

478.08

849.2

6.5

Yellow

U9-3

366.56

468.53

8.3

Green

C9-1

216.17

288.96

8.3

Green
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Table 3.2 (Continued)
U9-4

388.22

481.11

8.4

Green

C9-2

198.86

181.24

8.3

Green

U13-1

290.39

361.63

7.6

Green

C9-3

175.32

202.63

8.4

Green

U13-2

260.51

407.97

7.7

Green

C9-4

179.93

211.8

8.4

Green

U13-3

390.3

560.58

7.5

Green

C16-1

239.25

250

7.5

Green

U13-4

252.77

380.14

7.4

Green

C16-2

221.73

240

7.6

Green

U16-1

200.2

458.8

7

Green

C16-3

206.26

225.32

7.4

Green

U16-2

234.5

587.03

7.5

Green

C16-4

401.38

415.12

7.9

Green

U16-3

387

735.02

6.4

Yellow

C27-1

377.22

559.55

8.4

Green

U16-4

634.8

1290.1

7.3

Green

C27-2

360.08

522.25

7.7

Green

A9-1

654.88

577.15

8

Green

C27-3

453.03

653.95

7.7

Green

A9-2

286.84

210.52

8.1

Green

C27-4

455.83

375.69

8

Green

A9-3

415.64

371.33

8.2

Green

Q13-1

548.58

725.9

8

Green

A9-4

463.87

419.3

8

Green

Q13-2

575.52

803.48

8.1

Green

A16-1

152.2

154.82

8

Green

Q13-3

596.64

764.58

8.7

Green

A16-2

152.23

144.48

7.7

Green

Q13-4

401.79

450.22

8.4

Green

A16-3

139.49

175.03

8.1

Green

Q20-1

270.14

289.78

8.6

Green

A16-4

185.27

198.53

8.1

Green

Q20-2

339.08

388.09

8.7

Green

A23-1

234.35

418.62

7.8

Green

Q20-3

350.24

403.03

8.2

Green

A23-2

446.1

897.65

7.8

Green

Q20-4

514

588.34

8.5

Green

Q34-1

254.34

354.1

8

Green

ACQ35-2

669.69

940.75

7.7

Green

Q34-2

206.08

296.1

8.1

Green

ACQ35-3

1014.37

1,429.98

7.7

Green

Q34-3

348.94

497.27

8.2

Green

ACQ42-1

1172.39

1,540.40

6.8

Yellow

Q34-4

196.44

240.62

8.3

Green

ACQ42-2

1220.66

1,566.02

7.8

Green

ACQ281

921.67

995.48

8

Green

ACQ42-3

1742.60

2,771.12

5.6

Yellow

ACQ282

1026.15

1,248.06

8.4

Green

ACQ42-4

159.23

396.79

6.3

Yellow

ACQ283

574.56

691.46

8.2

Yellow

CA14-1

1670.92

2,668.69

6.0

Yellow
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Table 3.2 (Continued)
ACQ284

606.83

734.00

8.1

Yellow

CA14-2

1930.90

2,868.32

Yellow

ACQ351

1367.86

1,724.82

8.1

Green

CA14-3

306.74

569.61

6.3

Yellow

CA14-4

697.70

1,195.89

6.1

Yellow

CA21-3

557.57

921.32

5.7

Yellow

CA21-1

656.41

734.01

6.0

Yellow

CA21-4

577.53

842.73

5.4

Yellow

CA21-2

698.44

802.71

5.7

Yellow

According to the RQI Classifications, Green indicates Excellent quality and Yellow
indicates Good quality RNA.
Gene Expression Analysis – Comparisons of Each Treatment Over Time
Relative expression levels for ten genes: isocitrate lyase (ICL), glyoxylate
dehydrogenase (GDH), oxalate decarboxylase (ODC1 and ODC2), laccase (LCC),
glycoside hydrolase families 5 (GH5) and 10 (GH10), aryl alcohol oxidase (AAOX),
catalase (CAT), and copper resistance P-type ATPase pump (COP) on each of the
treatments are presented below. For all treatments, early stages of expression were
calculated relative to untreated day 9. Some authors define differential expression levels
as 'significant' based on relative fold changes above a value of 2, because it is assumed
that fluctuations of less than 2 are part of normal metabolic fluxes (Ohno et al. 2014). In
order to avoid confusion with the term 'significant' and the statistical use of this word, the
terms 'upregulated' and 'downregulated' will be used to indicate relative fold changes that
are above the value of 2.
Untreated Wood
Relative expression levels for all ten genes on untreated wood are presented in
Figures 3.21, 3.23, 3.24 and 3.25. Six genes were downregulated on untreated wood
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when compared to the day 5 time point. AAOX was downregulated between the
comparison day 5 and early stage day 9 by 2-fold. After that, there were minor changes
(no more than 0.5-fold) in expression from early to mid to late decay stages (Fig. 3.22).
CAT exhibited the largest downregulated fold-change of all of the genes analyzed. This
gene was repressed by almost 3-fold from the comparison day 5 and early stage day 9, by
almost 4-fold mid stage, and over 5-fold at late stage decay (Fig. 3.21). Although the
expression levels of both ICL and GLOXDH did not change much over time, the patterns
of change were very similar (Fig. 3.22). Both genes were slightly repressed at early
decay stage, then expression increased at mid stage and continued to increase at late
stage. Only ICL late stage expression change was 2-fold, the remaining changes were less
than 2. The LCC gene (Fig. 3.23) and ODC1 gene (Fig. 3.24) also exhibited very little
change over time, less than 2-fold. ODC2 (Fig. 3.24) was downregulated (2.5-fold) at the
early decay stage, and expression levels increased by late stage decay. The pattern of
change in expression was similar, although the levels different, between ODC2 and LCC.
The COP gene was downregulated (3-fold) in early stage (Fig. 3.23), and gene repression
lessened in mid and late stages. The two glycoside hydrolases showed similar levels and
patterns of expression (Fig. 3.25). A 3-fold downregulation in early stage decay, and
lessening of repression by mid and late stage decay. The GH5 gene was still
downregulated by ~2.5-fold at mid stage decay.
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Figure 3.21

Relative expression values of AAOX and CAT in F.radiculosa tested in
untreated ground wood at different stages of decay.E: Early, M: Mid, L:
Late.

Expression values were normalized against 18S rRNA. AAOX showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing untreated wood between mid and other time points. CAT showed a
significant difference (P<0.0001) in a LSD ANOVA test when comparing untreated wood among three
time points.

Figure 3.22

Relative expression values of ICL and GLOXDH in F.radiculosa tested in
untreated ground wood at different stages of decay E: Early, M: Mid, L:
Late.

Expression values were normalized against 18S rRNA. ICL showed a significant difference (P<0.0001) in a LSD
ANOVA test when comparing untreated wood among three time points and GLOXDH showed a significant difference
(P<0.0001) in a LSD ANOVA test when comparing early and other time points.
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Figure 3.23

Relative expression values of LCC and COP in F.radiculosa tested in
untreated ground wood at stages of decay E: Early, M: Mid, L: Late.

Expression values were normalized against 18S rRNA. LCC showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing untreated wood among late and other time points. COP showed a
significant difference (P<0.0001) in a LSD ANOVA test when comparing untreated wood among early and
other time points.

Figure 3.24

Relative expression values of ODC1 and ODC2 in F.radiculosa tested in
untreated ground wood at three stages of decay E: Early, M: Mid, L: Late.

Expression values were normalized against 18S rRNA. ODC1 showed a significant difference (P<0.0001) in a LSD
ANOVA test when comparing untreated wood among late and other time points. ODC2 showed a significant difference
(P<0.0001) in a LSD ANOVA test when comparing untreated wood among late and other time points.
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Figure 3.25

Relative expression values of GH5 and GH10 in F.radiculosa tested in
untreated ground wood at three stages of decay E: Early, M: Mid, L: Late.

Expression values were normalized against 18S rRNA. GH5 showed a significant difference
(P<0.0001) in a LSD ANOVA test when comparing untreated wood among late and other time
points. GH10 showed a significant difference (P<0.0001) in a LSD ANOVA test when
comparing untreated wood among early and other time points.

Azole-Treated Wood
Relative expression levels for all ten genes on azole-treated wood are presented in
Figures 3.26, 3.27, 3.28, 3.29, 3.30, and 3.30. Five genes, AAOX, GLOXDH, ICL,
ODC1, and COP, did not exhibit any differential expression changes that were greater
than 2-fold. Although expression levels were low for AAOX (Fig. 3.26), ODC1 (Fig.
3.29), GLOXDH and ICL (Fig. 3.27), the patterns of expression were similar among
these genes and LCC (Fig. 3.28). All of these genes showed an increased expression
during the early stages of decay, followed by a decrease in expression at the mid decay
stage. AAOX and ODC1 increased slightly again in the late decay stage, while
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GLOXDH, ICL, and LCC remained low. LCC was the only one of these four genes to be
actually upregulated (2.8- and 2.6-fold) in early stages of decay. CAT (Fig. 3.26) was
upregulated in the first early stage (3.3-fold), in the mid stage (2.3-fold), and in the L2
stage (2-fold). ODC2 (Fig. 3.29) was upregulated in both early stages (3-fold) as well as
the mid stage of decay (4.5-fold), but expression levels were low in the late stages. The
patterns of expression between the two glycoside hydrolases were somewhat different
(Fig. 3.30). GH5 gene was upregulated in the early stages (2.5- and 3.4-fold), but then
expression levels dropped in the mid (1.6-fold) and late stages. GH10 was upregulated in
early stages (3.6- and 2-fold), mid stage (3-fold) and in the L2 stage (3.2-fold).

Figure 3.26

Relative expression values of AAOX and CAT in F.radiculosa tested in
azole-treated ground wood at 3 stages of decay E1-E2: Early, M: Mid, L1L2: Late.

Expression values were normalized against 18S rRNA. AAOX showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing azole-treated wood between mid and other time points. CAT
showed a significant difference (P<0.0001) in a LSD ANOVA test when comparing azole-treated wood
among early and other time points.
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Figure 3.27

Relative expression values of ICL and GLOXDH in F.radiculosa tested in
azole-treated ground wood at 3 stages of decay E1-E2: Early, M: Mid, L1L2: Late.

Expression values were normalized against 18S rRNA. ICL showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing azole-treated wood between early and other time points. GLOXDH
showed a significant difference (P<0.0001) in a LSD ANOVA test when comparing azole-treated wood
between early and other time points.
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Figure 3.28

Relative expression values of LCC and COP in F.radiculosa tested in
azole-treated ground wood at 3 stages of decay E1-E2: Early, M: Mid, L1L2: Late.

Expression values were normalized against 18S rRNA. LCC showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing azole-treated wood between early and other time points. COP
showed a significant d1) in a LSD ANOVA test when comparing azole-treated wood between early and
other time points.
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Figure 3.29

Relative expression values of ODC1 and ODC2 in F.radiculosa tested in
azole- treated ground wood at 3 stages of decay E1-E2: Early, M: Mid, L1L2: Late.

Expression values were normalized against 18S rRNA. ODC1 showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing azole-treated wood between E1, L2 and other time points. ODC2
showed a significant difference (P<0.0001) in a LSD ANOVA test when comparing azole-treated wood
between mid and other time points.
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Figure 3.30

Relative expression values of GH5 and GH10 in F.radiculosa tested in
azole-treated ground wood at 3 stages of decay E1-E2: Early, M: Mid, L1L2: Late.

Expression values were normalized against 18S rRNA. GH5 showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing azole-treated wood between early and other time points. GH10
showed a significant difference (P<0.0001) in a LSD ANOVA test when comparing azole treated wood
between E2, L1 and other time points.

Copper-Treated Wood
Relative expression levels for all ten genes on copper-treated wood are presented
in Figures 3.31, 3.32, 3.33, 3.34 and 3.35. AAOX and CAT (Fig. 3.31) exhibited similar
patterns of expression at all stages, although the levels of expression differed. AAOX was
upregulated slightly in early E1 (2.5-fold), and further increased expression in mid (~4fold), and both late (~3-fold) stages. CAT gene was highly upregulated at the mid (6fold) and late (between 5- to 7-fold) stages. ICL and GLOXDH (Fig. 3.32) and to a
lesser extent LCC (Fig. 3.33) followed a similar pattern expression. All three genes were
upregulated early, and expression levels decreased over time. ICL was upregulated
during both early stages and the mid stage, all expression levels were between 2- and 3101

fold increases. During the late stages, the expression levels substantially dropped.
GLOXDH also displayed upregulation at the early stages (between 2- and 3-fold), but
dropped expression levels by the mid stage. There was a slight increase at the late L2
stage (2-fold). LCC was upregulated in the early E1 and mid stages between (2- and 2.7fold), and expression levels dropped in the late stages. There was downregulation of the
LCC gene at the L2 stage (2.5-fold). The most interesting result was the complete lack of
expression of the COP gene at any stage (Fig. 3.33). This gene is thought to be involved
in removing excess copper away from the fungus, and the expectation is that this gene
would be upregulated in the presence of copper-treatments. The ODC1 and GH5 genes
were essentially upregulated during all stages of decay. ODC1 (Fig. 3.34) was
upregulated early (~3-fold), then its expression dropped to 1.7-fold increase at mid stage,
but was again upregulated in the late stages (~3.5-fold). In contrast, ODC2 (Fig. 3.34)
was upregulated slightly at the early E1 and late L2 stages (between 2- and 2.5-fold) but
was highly upregulated at the mid stage (5.8-fold), when ODC1 was at its lowest. GH5
(Fig 3.35) was most highly upregulated during the early and mid stages (between 4.5- and
6.3-fold), and dropped to 2-fold upregulation at the L2 stage. GH10 (Fig 3.35) was only
upregulated at the early E1 stage (3.6-fold).
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Figure 3.31

Relative expression values of AAOX and CAT in F.radiculosa tested in
copper-treated ground wood at 3 stages of decay E1-E2: Early, M: Mid,
L1-L2: Late.

Expression values were normalized against 18S rRNA. AAOX showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing copper-treated wood in E2, M and other time points. CAT showed
a significant difference (P<0.0001) in a LSD ANOVA test when comparing copper-treated wood in early
and other time points.
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Figure 3.32

Relative expression values of ICL and GLOXDH in F.radiculosa tested in
copper- treated ground wood at 3 stages of decay E1-E2: Early, M: Mid,
L1-L2: Late.

Expression values were normalized against 18S rRNA. ICL showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing copper-treated wood in L1 and other time points. GLOXDH showed
a significant difference (P<0.0001) in a LSD ANOVA test when comparing copper- treated wood in L1, M
and other time points.
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Figure 3.33

Relative expression values of LCC and COP in F.radiculosa tested in
copper- treated ground wood at 3 decay stages E1-E2: Early, M: Mid, L1L2: Late.

Expression values were normalized against 18S rRNA. LCC showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing copper- treated wood in late and other time points. COP did not show
a significant difference (P<0.0001) in a LSD ANOVA test when comparing copper- treated wood in all
time points.
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Figure 3.34

Relative expression values of ODC1and ODC2 in F.radiculosa tested in
copper- treated ground wood at 3 stages of decay E1-E2: Early, M: Mid,
L1-L2: Late.

Expression values were normalized against 18S rRNA. ODC1 showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing copper-treated wood in mid and other time points. ODC2 showed
a significant difference (P<0.0001) in a LSD ANOVA test when comparing copper-treated wood in mid
and other time points.
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Figure 3.35

Relative expression values of GH5 and GH10 in F.radiculosa tested in
copper -treated ground wood at 3 stages of decay E1-E2: Early, M: Mid,
L1-L2: Late.

Expression values were normalized against 18S rRNA. GH5 showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing copper-treated wood in L2 and other stages. GH10 showed a
significant difference (P<0.0001) in a LSD ANOVA test when comparing copper-treated wood in mid and
other time points.

Quat-Treated Wood
Relative expression levels for all ten genes on quat-treated wood are presented in
Figures 3.36, 3.37, 3.38, 3.39 and 3.40. The fungus grew very slowly on quat-treated
wood thus the different stages of decay occurred later than for the previous treatments.
For quat-treated wood, early decay stages were at day 13 (E1) and 20 (E2), mid decay
stage was at day 34 (M), and late decay stages were at day 37 (L1) and 41 (L2). Four
genes, AAOX, CAT, GH5, and GH10, were upregulated at all stages of decay.
Expression levels for AAOX (Fig. 3.36) was highest at E1 (9+-fold increase) and
consistently dropped until L2 (5+-fold increase). Expression of CAT (Fig. 3.36) was also
highest at E1 (6-fold increase) and dropped until L1 (4-fold increase). Expression
patterns of GH5 (Fig. 3.40) were similar to AAOX in that the highest expression was at
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E1 (7-fold increase) and lowest at L2 (4-fold increase). GH10 (Fig. 3.40) exhibited the
highest fold increase of all genes in the quat-treatment, upregulated 11-fold in E1 and
dropping to 5-fold increase at the M, L1 and L2 stages. ICL, GLOXDH, and COP
exhibited similar patterns of expression in all decay stages (Figs. 3.37 and 3.38). Their
expressions were upregulated in E1 by approximately 4+-fold, and dropped to below a 2fold increase at the mid and late stages. LCC expression was very different from other
genes (Fig. 3.38) in that it was upregulated at the mid stage (~ 3-fold) and exhibited no
expression at the late stage. ODC1 (Fig. 3.39) exhibited a similar expression pattern to
ICL, GLOXDH and COP. Early and mid-decay stages were upregulated (between 2- to
3.5-fold), then expression dropped in the late stages. ODC2 (Fig. 3.39) expression levels
were upregulated by 7-fold at E1, decreased to 5-fold increase at E2, was neither up- nor
downregulated at mid-stage decay, then was again upregulated at L1 and L2.
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Figure 3.36

Relative expression values of AAOX and CAT in F.radiculosa tested in
quat-treated ground wood at three stages of decay E1-E2: Early, M: Mid,
L1-L2: Late.

Expression values were normalized against 18S rRNA. AAOX showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing quat-treated wood in early and other time points. CAT did not
show a significant difference (P<0.0001) in a LSD ANOVA test when comparing quat-treated wood in E1
and other time points.
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Figure 3.37

Relative expression values of ICL and GLOXDH in F.radiculosa tested in
quat-treated ground wood at three stages of decay E1-E2: Early, M: Mid,
L1-L2: Late.

Expression values were normalized against 18S rRNA. ICL showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing quat-treated wood in all stages. GLOXDH showed a significant
difference (P<0.0001) in a LSD ANOVA test when comparing quat-treated wood in early and other time
points.
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Figure 3.38

Relative expression values of LCC and COP in F.radiculosa tested in quattreated ground wood at three stages of decay E1-E2: Early, M: Mid, L1-L2:
Late.

Expression values were normalized against 18S rRNA. LCC showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing quat-treated wood between mid and other time points. COP showed
a significant difference (P<0.0001) in a LSD ANOVA test when comparing quat-treated wood in early and
other time points.
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Figure 3.39

Relative expression values of ODC1 and ODC2 in F.radiculosa tested in
quat-treated ground wood at three stages of decay E1-E2: Early, M: Mid,
L1-L2: Late.

Expression values were normalized against 18S rRNA. ODC1 showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing quat-treated wood in late and other time points. ODC2 showed a
significant difference (P<0.0001) in a LSD ANOVA test when comparing quat-treated wood in mid and
other time points.
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Figure 3.40

Relative expression values of GH5 and GH10 in F.radiculosa tested in
quat-treated ground wood at three stages of decay E1-E2: Early, M: Mid,
L1-L2: Late.

Expression values were normalized against 18S rRNA. GH5 showed a significant difference (P<0.0001) in a LSD
ANOVA test when comparing quat-treated wood in E1 and other time points. . GH10 showed a significant difference
(P<0.0001) in a LSD ANOVA test when comparing quat-treated wood in early and other time points.

ACQ-Treated Wood
Relative expression levels for all ten genes on ACQ-treated wood are presented in
Figures 3.41, 3.42, 3.43, 3.44 and 3.45. Expression patterns for ACQ-treated wood were
very different from either copper-treated or quat-treated wood. There was only one gene
that was upregulated and that was AAOX in the late stage of decay (~3-fold increase)
(Fig. 3.41). AAOX expression levels were increased at the early and mid-decay stages,
these levels were not above 2-fold. CAT, GLOXDH, and LCC, exhibited no
upregulation or downregulation for any of the decay stages (Figs. 3.41, 3.42, and 3.43).
ICL (Fig. 3.42), ODC2 (Fig. 3.44) and GH5 (Fig. 3.45) showed similar patterns of
expression in that there was an increase in expression of less than 2-fold in the early
stage, little to no expression in the mid stage, and downregulation (between 2- and 3-fold)
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in the late stage. Both COP (Fig. 3.43) and GH10 (Fig. 3.45) genes were downregulated
at the mid and late stages of decay. COP was repressed by approximately 4+-fold, while
GH10 was repressed by 2-fold at mid-stage and 3.5-fold at late stage. ODC1 (fig. 3.44)
was downregulated by 2-fold at the early stage, and slowly repressed until the late stage.

Figure 3.41

Relative expression values of AAOX and CAT in F.radiculosa tested in
ACQ-treated ground wood at three stages of decay E: Early, M: Mid, L:
Late.

Expression values were normalized against 18S rRNA. AAOX showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing ACQ-treated wood in early and other time points. CAT did not
show a significant difference (P<0.0001) in a LSD ANOVA test when comparing ACQ-treated wood in all
other time points.
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Figure 3.42

Relative expression values of ICL and GLOXDH in F.radiculosa tested in
ACQ-reated ground wood at three stages of decay E: Early, M: Mid, L:
Late.

Expression values were normalized against 18S rRNA. ICL showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing ACQ-treated wood in early and other time points. GLOXDH showed
a significant difference (P<0.0001) in a LSD ANOVA test when comparing ACQ-treated wood in early
and other time points.
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Figure 3.43

Relative expression values of LCC and COP in F.radiculosa tested in
ACQ-treated ground wood at three stages of decay E: Early, M: Mid, L:
Late.

Expression values were normalized against 18S rRNA. LCC did not show a significant difference
(P<0.0001) in a LSD ANOVA test when comparing ACQ-treated wood in all other time points. COP
showed a significant difference (P<0.0001) in a LSD ANOVA test when comparing ACQ-treated wood in
early and other time points.
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Figure 3.44

Relative expression values of ODC1 and ODC2 in F.radiculosa tested in
ACQ-treated ground wood at three stages of decay E: Early, M: Mid, L:
Late.

Expression values were normalized against 18S rRNA. ODC1 showed a significant difference (P<0.0001)
in a LSD ANOVA test when comparing ACQ-treated wood in late and other time points. ODC2 showed a
significant difference (P<0.0001) in a LSD ANOVA test when comparing ACQ-treated wood in mid and
other time points.
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Figure 3.45

Relative expression values of GH5 and GH10 in F.radiculosa tested in
ACQ-treated ground wood at three stages of decay E: Early, M: Mid, L:
Late.

Expression values were normalized against 18S rRNA. GH5 showed a significant difference (P<0.0001) in
a LSD ANOVA test when comparing ACQ-treated wood in mid and other time points. GH10 showed a
significant difference (P<0.0001) in a LSD ANOVA test when comparing ACQ-treated wood in all other
time points.

CA-Treated Wood
Relative expression levels for all ten genes on CA-treated wood are presented in
Figures 3.46, 3.47, 3.48, 3.49 and 3.50. Because, despite repeated attempts, high quality
RNA could not be extracted from the CA-treated wood at the late stage of decay, gene
expression patterns could only be obtained for the early and late stages. For the genes
AAOX, ICL, GLOXDH, ODC2, GH5, and GH10, there was no to very little expression
at both early and mid-decay stages (Figs. 3.46, 3.47, 3.49, and 3.50). CAT, LCC, and
ODC1exhibited little to no expression at the early decay stage but were upregulated at the
mid decay stage (between 2- to 2.5-fold) (Figs. 3.46, 3.48, and 3.49). COP was
downregulated by approximately 2-fold at the mid stage of decay.
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Figure 3.46

Relative expression values of AAOX and CAT in F.radiculosa tested in
CA-treated ground wood at two stages of decay E: Early, M: Mid.

Expression values were normalized against 18S rRNA. AAOX did not show a significant difference
(P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time points. CAT did not show a
significant difference (P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time
points.

119

Figure 3.47

Relative expression values of ICL and GLOXDH in F.radiculosa tested in
CA-treated ground wood at two stages of decay E: Early, M: Mid.

Expression values were normalized against 18S rRNA. ICL did not show a significant difference
(P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time points. GLOXDH did not
show a significant difference (P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2
time points.

Figure 3.48

Relative expression values of LCC and COP in F.radiculosa tested in CAtreated ground wood at two stages of decay E: Early, M: Mid.

Expression values were normalized against 18S rRNA. LCC did not show a significant difference
(P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time points. COP did not show a
significant difference (P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time
points.
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Figure 3.49

Relative expression values of ODC1 and ODC2 in F.radiculosa tested in
CA-treated ground wood at two stages of decay E: Early, M: Mid.

Expression values were normalized against 18S rRNA. ODC1 did not show a significant difference
(P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time points. ODC2 did not show
a significant difference (P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time
points.

Figure 3.50

Relative expression values of GH5 and GH10 in F.radiculosa tested in CAtreated ground wood at two stages of decay E: Early, M: Mid.

Expression values were normalized against 18S rRNA. GH5 did not show a significant difference
(P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time points. GH10 did not show
a significant difference (P<0.0001) in a LSD ANOVA test when comparing CA-treated wood at 2 time
points.
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Gene Expression Analysis – Comparisons of Stages of Decay
Relative expression levels for ten genes: isocitrate lyase (ICL), glyoxylate
dehydrogenase (GDH), oxalate decarboxylase (ODC1 and ODC2), laccase (LCC),
glycoside hydrolase families 5 (GH5) and 10 (GH10), aryl alcohol oxidase (AAOX),
catalase (CAT), and copper resistance P-type ATPase pump (COP) for each of the stages
of decay are presented below. For the untreated wood, expression was calculated relative
to untreated day 5. For all other treatments, early stages of expression were calculated
relative to untreated day 9 (early), mid stages were calculated relative to untreated day 13
(mid), and late stages were calculated relative to untreated day 16 (late). Early decay
stages are defined as day 9 in untreated wood (day 5 being used for relative
comparisons), days 9 and 13 in azole-treated wood, days 9 (E1) and 16 (E2) in coppertreated wood, days 13 (E1) and 20 (E2) in quat-treated wood, day 28 in ACQ-treated
wood, and day 14 in CA-treated wood. Mid stages are defined as day 13 in untreated
wood, day 16 in azole-treated wood, day 20 in copper-treated wood, day 34 in quattreated wood, day 35 in ACQ-treated wood, and day 21 in CA-treated wood. Late stages
are defined as day 16 in untreated wood, days 20 and 23 in azole-treated wood, days 23
and 27 in copper-treated wood, days 37 and 41 in quat-treated wood, and day 42 in ACQtreated wood. There was no late decay stage for CA-treated wood because of the low
quality of RNA.
AAOX and CAT
Early Decay Stage
There were very obvious differences in the expression of both AAOX and CAT
among the different treatments at the early stages of decay (Fig. 3.51), particularly on the
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quat-treated wood. On untreated wood, AAOX was downregulated between the
comparison day 5 and early stage day 9 by 2-fold. On azole treated-wood, AAOX did
not exhibit any differential expression changes that were greater than 2-fold, although
there was an increase from E1 to E2. AAOX and CAT exhibited similar patterns of
expression on copper-treated wood at both early time points, although the levels of
expression differed. AAOX was upregulated slightly in E1 (2.5-fold) and decreased
slightly at E2. Quat-treated wood produced the highest levels of expression for both
AAOX and CAT. AAOX was upregulated by 9+-fold at E1 and 7+-fold at E2.
Obviously the treatment with quat stimulates the expression of these genes. In
comparison, the ACQ-treated wood did not show the same upregulation of AAOX or
CAT. Expression levels of AAOX were less than 2-fold on ACQ-treated wood and there
was no increase or decrease in expression of AAOX on CA-treated wood.
For the CAT gene, expression on untreated wood was downregulated by almost 3fold from the comparison day 5 and early stage day 9. On azole-treated wood, CAT was
upregulated in the E1 stage (3.3-fold) and decreased at E2. On copper-treated wood,
CAT was expressed but levels were lower than 2-fold. Like AAOX, CAT was
upregulated on quat-treated wood at E1 (6-fold) and E2 (+4-fold). Expression levels of
CAT were also less than 2-fold on ACQ-treated wood and there was no increase or
decrease in expression of AAOX on CA-treated wood.
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Figure 3.51

Relative expression values of AAOX and CAT from F. radiculosa growing
on untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
early stage of decay.

Expression values were normalized against 18S rRNA.

Mid Decay Stage
By mid-stage decay, differential expression of both AAOX and CAT varied with
treatment, particularly with copper- and quat-treated wood (Fig. 3.52). On untreated
wood, expression of AAOX was again repressed, similar to early decay, but the level was
less than 2-fold. On azole-treated wood and on CA-treated wood, AAOX did not exhibit
any differential expression changes. AAOX was upregulated by ~4-fold on coppertreated wood and by 6-fold on quat-treated wood. Expression of AAOX on ACQ-treated
wood was different from the copper- and quat-treated wood, with levels less than 2-fold.
For CAT, the gene was downregulated on untreated wood by almost 4-fold, and slightly
repressed on ACQ-treated wood. On azole-treated wood and on CA-treated wood, CAT

124

was slightly upregulated (2.3-fold). In contrast, on copper-treated wood, CAT was highly
upregulated by 6-fold and upregulated by ~4-fold on quat-treated wood.

Figure 3.52

Relative expression values of AAOX and CAT from F. radiculosa tested
on untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
mid stage of decay.

Expression values were normalized against 18S rRNA.
Late Decay Stage
As with the early and mid stages of decay, the copper- and quat-treated wood
exhibited the greatest differences in expression of AAOX and CAT (Fig. 3.53). On
untreated wood, AAOX expression was once again repressed slightly, as it was on the
early and mid stages of decay. On azole treated wood, AAOX increased slightly in the
late decay stage (~1.5-fold). Overall, AAOX expression did not really change (greater
than 2-fold) over stage of decay for both the untreated wood and azole-treated wood.
AAOX was upregulated on copper-treated wood (~3-fold L1 and +2-fold L2), on quattreated wood (+5-fold both L1 and L2), and on ACQ-treated wood (~3-fold increase).
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The CAT gene was once again downregulated by over 5-fold on untreated wood. There
was little to no expression of CAT on azole-treated wood and on ACQ-treated wood.
However, CAT was upregulated on copper-treated wood by 5- to 7-fold for L1 and L2
and on quat-treated wood by 4-fold (L1) and 5-fold (L2).

Figure 3.53

Relative expression values of AAOX and CAT from F. radiculosa tested
on untreated, azole-, copper-, quat-, and ACQ-treated ground wood at late
stage of decay.

Expression values were normalized against 18S rRNA

ICL and GLOXDH
Early Decay Stage
For ICL and GLOXDH in the early decay stage (Fig. 3.54), patterns of expression
were similar to those seen in the late stage of decay for AAOX and CAT. In untreated
wood, the both ICL and GLOXDH were slightly repressed. On azole-treated wood,
ACQ-treated wood, and CA-treated wood there was no expression level changes greater
than 2-fold for either ICL or GLOXDH. On copper-treated wood, ICL and GLOXDH
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followed similar patterns of expression, which was upregulation of between 2- and 3-fold
at both E1 and E2. On quat-treated wood, both ICL and GLOXDH were upregulated by
4+-fold at E1 and 2+-fold at E2.

.
Figure 3.54

Relative expression values of ICL and GLOXDH from F. radiculosa tested
on untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
early stage of decay.

Expression values were normalized against 18S rRNA.
Mid Decay Stage
By the mid stage of decay, expression patterns for ICL and GLOXDH changed
dramatically (Fig. 3.55). None of the changes in expression levels for either ICL or
GLOXDH were over 2-fold for any treatment, except for ICL on copper-treated wood
which was upregulated by 2.5-fold.
Late Decay Stage
In the late decay stage (Fig. 3.56), none of the changes in expression levels for
either ICL or GLOXDH were over 2-fold for any treatment (similar to what was seen in
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mid decay stage). Expression levels of ICL increased by close to 2-fold on untreated
wood, while expression levels of ICL decreased by close to 2-fold on ACQ-treated wood.
For GLOXDH, on copper-treated wood, expression levels increased by close to 2-fold at
L2. None of the other treatments exhibited any notable changes in expression of either
ICL or GLOXDH. Overall, expression levels for ICL and GLOXDH decreased over time
in the copper-, quat- and ACQ-treatments.

Figure 3.55

Relative expression values of ICL and GLOXDH from F. radiculosa tested
on untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
mid stage of decay.

Expression values were normalized against 18S rRNA.
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Figure 3.56

Relative expression values of ICL and GLOXDH from F. radiculosa tested
on untreated, azole-, copper-, quat-, and ACQ-treated ground wood at late
stage of decay.

Expression values were normalized against 18S rRNA.

LCC and COP
Early Decay Stage
Both LCC and COP exhibited notable changes in the levels of expression with
treatment and with stage of decay. In early decay, LCC (Fig. 3.57) was upregulated on
azole-treated wood by 2.8- (E1) and 2.6-fold (E2), and on copper-treated wood at E1 by
2.7-fold. All other expression changes in LCC were less than 2-fold. LCC expression
patterns on copper- and quat-treated wood were similar, with decreased expression
between E1 and E2. The COP gene (Fig. 3.57) was downregulated (3-fold) on untreated
wood and was upregulated by +4-fold at E1 and 3-fold at E2 on quat-treated wood. No
other treatments showed expression changes of COP that were greater than 2-fold. This
gene is thought to be involved in removing excess copper away from the fungus, and the
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expectation is that this gene would be upregulated in the presence of copper-treatment.
COP showed no differential expression on copper-treated wood and decreased expression
on ACQ-treated wood and CA-treated wood.

Figure 3.57

Relative expression values of LCC and COP from F. radiculosa tested on
untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
early stage of decay.

Expression values were normalized against 18S rRNA.

Mid Decay Stage
The LCC gene exhibited very little expression changes at the mid decay stage
(Fig. 3.58) in untreated, azole-treated, and ACQ-treated wood. In copper treated wood,
LCC gene expression level was around 2-fold. Upregulation of LCC occurred in the quattreated wood (~ 3-fold) and in the CA-treated wood (between 2- to 2.5-fold). For COP,
four treatments showed expression level decreases, while two of these treatments were
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downregulated. On ACQ-treated wood COP was downregulated by 4+-fold, and on CAtreated wood COP was downregulated by 2+-fold.

Figure 3.58

Relative expression values of LCC and COP from F. radiculosa tested on
untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
mid stage of decay.

Expression values were normalized against 18S rRNA.

Late Decay Stage
Interestingly, by the late stage of decay, both LCC and COP expression levels had
decreased in most treatments (Fig. 3.59). There was little to no expression change of
LCC on untreated, azole-treated and ACQ-treated wood. In copper treated wood, there
was downregulation of the LCC gene at the L2 stage (2.5-fold) as well as downregulation
at the L1 (4-fold) and L2 (close to 3-fold) stage on quat-treated wood. There was little to
no expression change of COP on untreated, copper-treated and quat-treated wood. On
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azole-treated wood, COP expression decreased by close to 2-fold at both L1 and L2. The
only notable downregulation of COP was on ACQ-treated wood by close to a 5-fold
decrease.

Figure 3.59

Relative expression values of LCC and COP from F. radiculosa tested on
untreated, azole-, copper-, quat-, and ACQ-treated ground wood at late
stage of decay.

Expression values were normalized against 18S rRNA.

ODC1 and ODC2
Early Decay Stage
Although ODC1 and ODC2 genes both code for the same putative enzyme, the
expression of the two genes differ by treatment as well as stage of decay (Fig. 3.60).
ODC1 exhibited low levels of expression in both untreated wood and in azole-treated
wood. In contrast, ODC2 was downregulated (2.5-fold) in untreated wood and
upregulated (3+ fold) at both E1 and E2 in azole-treated wood. In copper-treated wood,
ODC1 was upregulated both E1 and E2 (~3-fold), while ODC2 was only upregulated
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slightly at the early E1 (between 2- and 2.5-fold). In quat-treated wood, ODC1 exhibited
upregulation (between 2- to 3.5-fold) at both early stages. ODC2 expression levels were
even higher with upregulation of 7-fold at E1 and 5-fold at E2. ODC1 was downregulated
by 2-fold in ACQ-treated wood, while ODC2 expression was just less than a 2-fold
increase. In CA-treated wood, ODC1and ODC2 exhibited little to no expression changes.

Figure 3.60

Relative expression values of ODC1 and ODC2 from F. radiculosa tested
on untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
early stage of decay.

Expression values were normalized against 18S rRNA.
Mid Decay Stage
By mid decay stage (Fig. 3.61), the expression patterns of both ODC1 and ODC2
in untreated wood were similar to these genes at the early decay stage except expression
levels had decreased. There was no change in expression of ODC1 in azole-treated wood,
while ODC2 levels were upregulated by +4-fold. In copper-treated wood, expression
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patterns were reversed, compared to early stage decay, with ODC1 levels dropping (less
than 2-fold change) and ODC2 levels increasing (5-fold upregulation). Expression
patterns were also reversed, compared to early stage decay, in quat-treated wood with
ODC1 levels increasing (upregulated 3-fold) and ODC2 levels decreasing to less than 2fold. In ACQ-treated wood, patterns were similar to those seen in early decay stages with
ODC1 repressed (less than 2-fold) and ODC2 little to no expression. In CA-treated wood,
ODC1was upregulated and ODC2 no change.

Figure 3.61

Relative expression values of ODC1 and ODC2 from F. radiculosa tested
on untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
mid stage of decay.

Expression values were normalized against 18S rRNA.
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Late Decay Stage
By the late decay stage (Fig. 3.62), expression level changes of ODC1 were all
less than 2-fold except for copper-treated wood. On copper-treated wood, ODC1 was
upregulated by +3.5-fold at both L1 and L2. ODC1 did increase slightly (less than 2fold) from L1 to L2 on azole- and copper-treated wood. On untreated wood and azoletreated wood, the expression of ODC2 was less than 2-fold, although there was a slight
increase in expression on azole-treated wood from L1 to L2. On copper-treated wood
ODC2 was upregulated at greater than 2-fold at L2, but not L1. On quat-treated wood
ODC2 was upregulated in both L1 and L2 by +4-fold and +3-fold, respectively. The only
downregulation of ODC2 was on ACQ-treated wood (+3-fold).

Figure 3.62

Relative expression values of ODC1 and ODC2 from F. radiculosa tested
on untreated, azole-, copper-, quat-, and ACQ-treated ground wood at late
stage of decay.

Expression values were normalized against 18S rRNA.
135

GH5 and GH10
Early Decay Stage
Expression levels of both GH5 and GH10 were high for most treatments at the
early stage of decay (Fig. 3.63). In untreated wood, the two glycoside hydrolases were
both downregulated by ~3-fold in the early decay stage. In azole-treated, copper-treated,
and quat-treated wood, the GH5 gene was upregulated at both E1 and E2. In azoletreated wood GH5 gene was upregulated by 2.5- and 3.4-fold; in copper-treated wood by
4.5- and 6.3-fold; and in quat-treated wood by 7- and 4-fold. GH10 was upregulated in
azole-treated wood by 3.6- and 2-fold, while in copper-treated wood GH10 was only
upregulated at E1 (3.6-fold). The highest level of expression for GH10 was on quattreated wood with an upregulation of 11-fold in E1and 9-fold at E2. In both ACQ-treated
and CA-treated wood, neither GH5 nor GH10 were differentially expressed at levels
above 2-fold.
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Figure 3.63

Relative expression values of GH5 and GH10 from F. radiculosa tested on
untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
early stage of decay.

Expression values were normalized against 18S rRNA.

Mid Decay Stage
The GH5 gene was still downregulated by ~2.5-fold in untreated wood at mid
stage decay (Fig 3.64), while the GH10 gene was repressed but at levels less than 2-fold.
In azole-treated wood, patterns were similar to early stage decay in that GH5 showed
lower expression levels (1.6-fold) and GH10 was upregulated by 3-fold. In copper- and
quat-treated wood, GH5 expression levels remained upregulated at 6.3-fold and +5-fold,
respectively. In contrast, GH10 levels in copper-treated wood decreased to a low
expression by mid stage decay. On quat-treated wood, GH10 levels also dropped from
early stage upregulation of 7 to 11-fold, down to 5-fold upregulation by mid stage decay.
On ACQ-treated wood, GH10 was downregulated by 2-fold at the mid stage of decay,
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while GH5 was not expressed. On CA-treated wood, there was no to very little
expression of GH5, and GH10.

Figure 3.64

Relative expression values of GH5 and GH10 from F. radiculosa tested on
untreated, azole-, copper-, quat-, ACQ-, and CA-treated ground wood at
mid stage of decay.

Expression values were normalized against 18S rRNA.

Late Decay Stage
By the late stage of decay (Fig 3.65), both the GH5 and GH10 genes continued to
be repressed at levels less than 2-fold on the untreated wood. In azole-treated wood,
patterns of expression remained constant in comparison to early and mid stage decay, in
that GH5 showed lower expression levels (+1-fold) and GH10 was upregulated by 3-fold
at L2. In copper- and quat-treated wood, GH5 expression levels remained upregulated as
was seen in early and mid stages of decay, although expression levels continued to drop.
Upregulation of GH5 dropped to 5-fold at L1 and then to 2-fold at L2 in copper-treated
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wood, while expression levels in quat-treated wood remained around 4-fold in both L1
and L2. In copper-treated wood GH10 expression levels were low (less than 2-fold), but
remained upregulated by 5-fold in quat-treated wood at both L1 and L2. In ACQ-treated
wood, both G5 and GH10 were downregulated at the late stage of decay by 2-fold and
+3-fold, respectively.

Figure 3.65

Relative expression values of GH5 and GH10 from F. radiculosa tested on
untreated, azole-, copper-, quat-, and ACQ-treated ground wood at late
stage of decay.

Expression values were normalized against 18S rRNA.

Illumina Transcriptomics (RNA Seq)
Isolated total RNA samples for untreated days 5, 9, 13, azole-treated days 9, 16,
23, copper-treated days 9, 16, 27, and quat-treated days 13, 20, 34 were sequenced on the
Illumina HiSeq 2500 and the data analyzed to find differentially expressed genes.
Pairwise comparisons were run on early time points versus middle time points for each
treatment including untreated; for middle time points versus late time points; and for each
treatment versus untreated. Genes with a FDR adjusted p-value <= 0.05 were considered
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differentially expressed. The terms 'upregulated' and 'downregulated' have been used to
indicate relative fold changes that are above or below the value of 2.
A summary of the differentially expressed genes is provided in Table 3.3. The
greatest number of differentially expressed genes occurs when the fungus is growing on
copper-treated wood. There were 4,076 differentially expressed genes when comparing
copper-treatment early versus mid decay stages, and 3,296 differentially expressed genes
when comparing copper-treatment mid versus late decay stages. In the comparison of
early versus mid decay in the copper-treatment, expression levels increased in 2,531
genes and decreased in 1,542 genes, which included up-regulation of 149 genes and
down-regulation of 59 genes. In the comparison of mid versus late decay in the coppertreatment, expression levels increased in 2,173 genes and decreased in 1,123 genes,
which included up-regulation of 39 genes and down-regulation of 28 genes. Other
notable levels of expression above 2-fold was seen in the mid-stage copper-treatment
compared to untreated where 157 genes were upregulated and 186 were down-regulated;
and in the azole-treatment comparison of mid-stage to late-stage decay where 158 genes
were upregulated and 31 were downregulated.
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Table 3.3

Differentially expressed genes based on pair-wise comparisons of RNASeq data.
Total

UPexpression

DOWNUP-regulated
expression

DOWNregulated

All versus
Untreated
Azole Mid
1944
791
1153
30
76
Azole Late
960
710
250
60
19
Copper Mid
2652
1302
1350
157
186
Copper Late
2228
1539
689
60
70
Quat Mid
1549
672
877
55
87
Quat Late
1753
1275
478
53
98
Early versus
Mid Decay
Azole
2328
1321
1007
28
38
Copper
4076
2531
1542
149
59
Quat
241
182
59
25
2
Untreated
2441
1608
833
61
23
Mid Decay
versus Late
Azole
2717
1902
814
158
31
Copper
3296
2173
1123
39
28
Quat
1921
1283
638
18
50
Untreated
1495
609
886
31
12
Only genes with a FDR adjusted p-value <= 0.05 were considered differentially
expressed. Genes that were differentially expressed at 2-fold or greater are considered
up-regulated or down-regulated.
Many of the genes that were differentially expressed have unknown protein
functions. Table 3.4 provides a summary of the genes that were upregulated or
downregulated at the 3-fold or greater level and have a known or putative protein
function. F. radiculosa expressed 100 different genes that were either up- or
downregulated (>3 fold) in mid and late stages of decay when azole, copper, and quattreated wood was compared to untreated wood. These included 61 genes from the copper
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mid-stage, 21 from quat late, 15 from copper late, 12 each from azole mid and late, and 9
from quat mid decay stage.
Table 3.4

NAME
FIBRA-

Genes that were upregulated or downregulated at a 3-fold or greater level
for the series of comparisons between untreated and each of the treatments
both mid and late decay stages.
Azole
mid

Copper Quat mid Azole Copper Quat late
mid
late
late

02261

-3.024

07437

4.092

00851

4.608

07469
01895

7.075

4.045

-7.326

06232

Name of Gene
2-deoxy-d-gluconate 3dehydrogenase
2-deoxyglucose-6-phosphate
phosphatase
2-methylcitrate dehydratase

-3.613 3-isopropylmalate dehydrogenase
achain proteinase inhibitor from
-7.721
coprinopsis cinerea
achain proteinase inhibitor from
7.779
coprinopsis cinerea
alcohol oxidase-like protein

05546

-7.372

03074

3.526

00024

4.992

08423

-3.211

alpha- -mannosidase family

03221

-3.148

amine oxidase

05984

4.413

arylalcohol dehydrogenase

08193

4.098

aryl-alcohol dehydrogenase

06728

-4.093

asp hemolysin-like protein

03082

-3.067

aspartic protease

04393

-3.005

carbohydrate esterase

01233

-3.775

carotenoid ester lipase precursor

08398

3.292

cell wall-associated hydrolase

03893

-4.192

cephalosporin esterase

02771

-3.723

cephalosporin esterase

05560

-3.329

-5.516

aldo-keto reductase puatative
3.725

alpha beta hydrolase fold protein

3.021

cytochrome p450

-3.033

05368

-4.509

cytochrome p450

00910

-3.163

cytochrome p450

05367

-3.156

cytochrome p450

01537

3.184

cytochrome p450

00378

3.495

cytochrome p450
-3.175 cytochrome p450
-3.623 cytochrome p450

02904
02112
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Table 3.4 (Continued)
-3.726

cytochrome p450

-3.417

cytochrome p450

03468

-3.311

cytochrome p450

04816

-3.169

cytochrome p450

03254
08979

-3.195

09190

3.169

cytochrome p450

08892

3.037

cytochrome p450

03275

-3.313

d-amino-acid oxidase

04212

-4.668

d-lactonohydrolase-like protein

01016

-4.667

duf323 domain-containing protein

3.498

-3.052 embryo-specific protein
epl1 protein

04491
06687

-3.788

06406

3.283

01036

epl1 protein
7.060

3.773 eta dna polymerase
-6.355 f1 atpase assembly protein 11

5.151

6.214 hydrophobin
glycerophosphoryl diester
phosphodiesterase
glycoside hydrolase family 10
endo- -b-xylanase
glycoside hydrolase family 10
endo- -b-xylanase
glycoside hydrolase family 28
protein
glycoside hydrolase family 28
rhamnogalacturonase
glycoside hydrolase family 5
protein with CBM1
glycoside hydrolase family 61
protein
glycoside hydrolase family 95
protein
glycosyl transferase family 8

-4.328

03347

3.725

03839

-3.489

02376

-3.062

02726
02724

-3.900
3.608

3.991

00532

-3.159

00189

-3.868

04419

-4.725

01962

-3.342

05582

-3.084

06121
06828

glyoxylate reductase

3.362

09158

-5.580

hexose transporter

01616

-3.538

hexose transporter

04520

-4.401

06653

-3.973

hypothetical cholineesterase

00436

-3.716

hypothetical cholineesterase

01052

-3.461

ketol-acid reductoisomerase

histidine acid

-3.617

-4.412 laccase
major royal jelly protein

04739
03152

-3.152
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-4.979 mannose-6-phosphate isomerase
methyltransferase type 11

08041
03395

-3.096

09403

mfs monosaccharide transporter

3.035

08648

mfs multidrug

4.358

01924

-4.177

mfs nicotinic acid transporter tna1

00792

-3.080

mfs sugar

02493

3.456

na k atpase alpha 1

03136

3.536

na k atpase alpha 1

08789

-3.815

08928

-3.580

08235

3.466

5.800

nad-dependent epimerase
dehydratase
other 1 protein kinase
-3.508 oxalate decarboxylase
-3.146 oxalate decarboxylase

5.755

07157
05380
03536
07526

oxalate decarboxylase

3.731

pepsinogen c

-4.323
5.718

07684

5.036

4.988

-4.336

-3.093

00044

3.417

08910

3.388
-3.642

02854

-3.420

08044

-3.347

03593

5.287
-3.291
-3.324

03592

-3.600

00358

5.309

3.628

03030

-3.079

05775

-3.044

03278
05421

-4.663

05564

small heat shock protein
sorbose reductase sou1

-3.402
-5.994

riboflavin aldehyde-forming
enzyme
short chain dehydrogenase
reductase
short chain dehydrogenase
3.014
reductase
short chain dehydrogenase
reductase
short chain dehydrogenase
reductase
short-chain dehydrogenase
reductase sdr
small heat shock protein
small heat shock protein

3.031

02363

4.456 phosphotransferase family protein
protein tyrosine phosphatase
quinate permease

05147
05162

phosphatidylethanolamine-binding
protein
phospholipase b

5.396
-5.997

6.236 squalene synthase
-5.461 squalene synthase

06830

-4.675

tartrate transporter

01403

-3.005

thaumatin-like protein
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00710

3.545 tim-barrel enzyme family protein
-3.429 tyrosinase

3.621

01487

3.051 urea carboxylase
vacuolar dha amino acid exporter

02532
02190

-3.907

04093

-3.281

zgc:162509 protein

06327

-5.091

zip-like iron-zinc transporter

The gene ID number is given in column one.

In a comparison of the mid and late stages of decay for each treatment, there were
347 genes differentially expressed at 3-fold or greater. Table 3.5 breaks down these genes
into treatment and decay stage. There were 35 genes expressed on untreated wood. In
mid stage, 17 genes were upregulated and 7 genes were downregulated. These numbers
decreased in the late stage of decay. Interestingly, copper-treated wood had the greatest
number of expressed genes among all treatments. In copper-treated wood, 162 genes
were differentially expressed with 125 in mid and 37 in late stage of decay. There were
90 genes highly expressed on quat-treated wood (45 mid and 45 late decay stage). On
azole-treated wood there were 60 genes highly expressed (36 mid and 24 late decay
stage).
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Table 3.5

Genes that were upregulated (+) or downregulated (-) at a 3-fold or greater
level for the comparisons of each of the treatments at mid and late decay
stages.
Differently Expressed Genes ≥ 3-fold
Mid Stage

Late Stage

Untreated

17(+), 7(-)

7(+), 4(-)

Azole

30(+), 6(-)

7(-), 17(+)

Copper

68(-), 57(+)

22(-), 15(+)

Quat

18(-), 27(+)

32(-), 13(+)

In Appendix A, Appendix B, and Appendix C are a series of tables that contain all
of the upregulated and downregulated genes, including those with unknown functions, for
each of the pairwise comparisons. Many genes were highly expressed multiple times,
such as the cytochrome p450 genes which can be involved in eliminating and
metabolizing toxic compounds. There were more than 10 different copies of cytochrome
P450 that were up- or downregulated in different treatments. Additionally, the glycoside
hydrolases and other hydrolases were expressed in 10 different gene copies. Some
transporters such as mfs monosaccharide, zinc-like iron and titrate were downregulated in
copper mid, but upregulated in late decay stages of copper-treatment or not expressed
highly (>3 fold). Small heat shock proteins were also expressed in late decay stage of
copper. An interesting finding were the series of highly expressed genes (>4 fold)
located next to each other; for example three genes with unknown function were
downregulated more than 5-fold in three treatments. One speculation is that these genes
could be an operon (multi transcriptional gene units) which controls expression of the
whole group of genes.
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In order to compare the RNA-seq results to the q-RTPCR results, it must first be
pointed out that differential expression is based on comparisons. The comparisons of the
RNA-seq analyses are not exactly the same set of comparisons as was run for the qRTPCR data, thus expression levels may not match. Key genes involved in the process
of wood decay are aryl alcohol oxidase (AAOX), catalase (CAT), and laccase (LCC). In
the RNA-seq comparison of F. radiculosa growing on untreated wood versus the treatedwood at mid and late decay (Table 3.6), AAOX was expressed +1.9-fold on quat-treated
wood at late decay, +1.5-fold on azole-treated wood at late decay, and highly expressed
+4.4-fold on copper-treated wood mid decay. In contrast, the only expression change in
CAT was downregulation on copper-treated wood late decay (-2.1-fold). The only
detected expression of LCC was downregulation on quat-treated wood late decay (-4.4fold). For genes involved in oxalate production, both isocitrate lyase (ICL) and
glyoxylate dehydrogenase (GLOXDH) were downregulated on azole-treated wood mid
decay and slightly increased on azole-treated wood late decay. There were several oxalate
decarboxylase genes exhibiting differential expression. ODC1 was upregulated on azole
mid decay, copper mid decay, and quat mid decay and downregulated on quat late decay.
ODC2 was downregulated on azole late decay and copper mid and late decay. Two
additional ODC genes were highly expressed; ODC3 on azole late decay and copper mid
decay was upregulated 3.5- and 5.8-fold, respectively, and downregulated 3.5-fold at quat
mid decay. ODC4 was upregulated on azole late decay. The gene for oxaloacetate acetyl
hydrolase (OAH), which converts oxaloacetate to oxalate via malate, was downregulated
on azole mid decay and upregulated on azole late decay.
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Table 3.6

Differentially expressed genes involved in wood decay and copper
tolerance by F. radiculosa growing on different wood treatments.
Azole Mid Azole Late

Copper
Mid
+4.4

Copper
Late

Quat Mid Quat Late

+1.5
+1.9
AAOX
-2.1
-1.0
CAT
-4.4/ -1.2
LCC
-2.4
+1.8
ICL
-2.6
+1.8
-1.8/ +1.3
GLOXDH
+2.3
+2.6
+1.97
-3.1
ODC1
-2.1
-2.5
-1.9
OCC2
+3.5
+5.8
-3.5
ODC3
+3.7
ODC4
+2.0
ODC5
+1.2
COP
+2.1
COT
-2.3
+1.8
OAH
Relative expression fold-changes were based on comparisons of the different treatments
to untreated wood. Only fold changes above 1-fold are listed. Genes not previously
identified include ODC3 (8235), ODC4 (5380), ODC5 (5383), COT (copper transporter
0584), and OAH (oxaloacetate acetyl hydrolase 9094).
Genes involved in wood decay and copper tolerance that were differentially
expressed when comparing early and mid stages of decay and mid to late stages of decay
are shown in Table 3.7. The only upregulation of AAOX was on the copper treatment
mid-decay, while CAT was upregulated in both untreated and azole late decay. Both ICL
and GLOXDH were downregulated in azole mid decay. LCC was downregulated in quat
late decay. A pair of glyoxylate reductases, which breaks down glyoxylate to glycolate,
was highly expressed in azole late decay. A suite of ODC genes were upregulated and
downregulated depending on the treatment. The copper resistance P-type ATPase pump
(COP) was not notably expressed on any treatment.
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Table 3.7

Differentially expressed genes involved in wood decay and copper
tolerance by F. radiculosa growing on different wood treatments.
Untreated Untreated Azole
Mid
Late
Mid
-1.7
-1.1
+2.0
+1.0

Azole
Late

Copper Copper Quat
Mid
Late
Mid
+2.7
-1.5

Quat
Late

AAOX
+1.9
CAT
+1.7
-3.1
LCC
-2.5
-1.6
ICL
-2.7
+1.5
-1.7
GLOXDH
+2.9/+4.3
GLOXR
-2.0
+1.4
-1.7
ODC1
-2.0
-2.2
-1.8
+1.5
OCC2
-3.2
+3.2
+2.6
+2.6 -2.0
ODC3
+3.9
+1.7
-1.9
ODC4
+2.1
+1.2
ODC5
COP
+2.2
COT
-2.3
-1.2
OAH
Relative expression fold-changes were based on comparisons of the different stages of
decay. Only fold changes above 1-fold are listed. Genes not previously identified include
ODC3 (8235), ODC4 (5380), ODC5 (5383), COT (copper transporter 0548), OAH
(oxaloacetate acetyl hydrolase 9094), and glyoxylate reductase (6827 and 6828).
These data distinctly showed that gene expression profiles of F. radiculosa are
altered by different wood preservatives composition and the duration of wood decay.
This study found a number of various genes encoding unknown function proteins, and
determining their role in degradation provides opportunities and challenges for future
research. It highlights a need to identify and characterize these unknown proteins for their
function before we can truly understand the enzymatic mechanism used by F. radiculosa
for wood degradation and copper tolerance.
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Discussion
The use of time as a comparison for different treatments will not accurately reflect
the stage of decay of the wood or the metabolic stage of the fungus. Wood preservative
treatments are added to wood in order to inhibit the growth of the fungus. F. radiculosa is
more susceptable to some of these treatments than others, thus overcomes and/or adapts
to the different treatments at differing rates. Prior studies have shown that different genes
are expressed or at least expressed differentially by the fungus at different stages in the
decay process (Tang et al. 2013; Ohno et al. 2014). In order to compare similar
metabolic states of the fungus, and then separate out what genes are uniquely being
expressed in response to a given treatment, the gene expression patterns of the fungus
must be compared at the same stage of decay.
Groundwood was used in this study in order to facilitate extraction of a large
number of samples for RNA, which is very susceptible to degradation. Because of this,
the traditional compression testing could not be used to measure loss of wood strength, a
common measure of stage of decay. This study used visual information in conjuntion
with particle size changes to estimate early, middle, and late decay stages for each
treatment. An interesting comparison of how the rate of decay progression differed for
each treatment can be made by looking when the middle stage of decay occurs. For
untreated wood, the mid point of decay was at day 13, followed by azole-treated which
was at day 16. This implies that azole, as a co-biocide, does not inhibit F. radiculosa to a
great extent. Wood treated with copper alone reached the midpoint of decay at day 20
and CA-treated wood reached the midpoint at day 21. So copper alone delayed the
progression of decay by approximately one week, when compared to untreated wood.
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The addition of azole with the copper (CA) did not change the rate of decay from that of
copper alone. Once again this implies the addition of azole does little to inhibit F.
radiculosa, but that the copper does have inhibitory properties, which are reflected in CA.
Wood treated with quat alone reached the midpoint of decay at day 34 and for ACQtreated wood it was at day 35. This implies that it is the quat that provides the greatest
inhibition of F. radiculosa, more so than the copper.
The goal of this study was to fill in some of the gaps in knowledge of the
metabolic mechanisms used by F. radiculosa to overcome wood preservatives and
degrade the wood products. In order to do this, we must first tease apart how the
different wood preservative components change the process of wood decay. In order for
decay to occur, the fungus must first generate the components of the Fenton reaction and
adjust the environment to favor this reaction. This should occur in the early stages of
decay since the radicals produced by the Fenton reaction opens the porosity of the cell
walls so enzymes can then attack the cellulose and hemicellulose. As the decay
progresses into the mipoint and late stages of decay, it would be expected that the Fenton
reaction chemistry decreases as the degradation enzymes increase. The addition of wood
preservative chemicals will likely alter the early stages of decay so that the fungus can
adapt to or degrade these toxic chemicals. This may or may not alter the actual wood
decay process itself or alter the later stages of decay. In order to better understand how
these chemicals impact the process of decay, comparisons must be made to the wood that
contains no treatments.
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Source of Hydrogen Peroxide
One of the most important reactants in Fenton chemistry is hydrogen peroxide,
which can arise from the demethylation of lignin forming methanol or reduction of
oxygen. Methanol can then be converted into formaldehyde and hydrogen peroxide by
fungal alcohol oxidases, such as AAOX. Its counterpart enzyme is CAT, which breaks
down excess hydrogen peroxide, thus protecting the fungus from the reactive radicals. It
would be expected that the expression of CAT would follow behind the expression of
AAOX. In this study, both AAOX and CAT genes were repressed, sometime more than
2-fold, sometimes less than 2-fold, at every stage of decay on untreated wood. This
means that the highest levels of expression for both of these genes occurred at the earliest
time point, day 5. Also since the pattern of repression was the same for both AAOX and
CAT, this implies their expressions are linked. Tang et al (2013) found the expression of
both AAOX and CAT genes were significantly higher on untreated wood and that the
highest level of expression for AAOX was at the earliest stage of decay. When azole was
added to the wood, expression of AAOX was not repressed, but it was also not
stimulated. There were no differential expression changes that were greater than 2-fold
for AAOX at any stage of decay. CAT was upregulated in the first early stage (3.3-fold)
which was day 9 on azole-treated wood and to a lesser extent in mid and late decay. Tang
et al (2013) also found the expression of CAT on untreated wood peaked at day 10. Thus
the presence of azole does not appear to alter the expression of either AAOX or CAT in
comparison to untreated wood.
While fungus was growing in copper-treated wood, AAOX and CAT exhibited
similar patterns of expression at all stages, although the levels of expression differed.
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AAOX was upregulated slightly in early E1 (2.5-fold), and further increased expression
in mid (~4-fold), and both late (~3-fold) stages. The CAT gene was highly upregulated at
the mid (6-fold) and late (between 5- to 7-fold) stages of decay. If AAOX is generating
the needed hydrogen peroxide and CAT is breaking it down, then the presence of copper
delayed the expression of both AAOX and CAT compared to untreated wood. The RNAseq results show that the only up- or downregulation of AAOX and CAT were on the
copper-treated wood. AAOX was upregulated by 4.4-fold when comparing the mid stage
to untreated wood and CAT was downregulated by 2.1-fold when comparing the late
stage to untreated. In CA-treated wood, expression levels of AAOX were essentially
undetectable at all stages of decay. Unfortunately, due to poor RNA quality, the late
stage of decay for CA-treated wood could not be measured. CAT exhibited little to no
expression at the early decay stage but was upregulated very slightly at the mid decay
stage. Thus the expression patterns of AAOX and CAT on CA-treated wood were more
similar to that of untreated and azole-treated wood and different from copper-treated
wood.
In quat-treated wood, AAOX and CAT were upregulated at all stages of decay.
Expression levels for AAOX was highest at E1 (9+-fold increase) and consistently
dropped until L2 (5+-fold increase). Expression of CAT was also highest at E1 (6-fold
increase) and dropped until L1 (4-fold increase). In contrast, on ACQ-treated wood,
AAOX was upregulated only at the late stage of decay (~3-fold increase). AAOX
expression levels increased at the early and mid decay stages, however levels were not
above 2-fold. CAT did not show any upregulation or downregulation for any of the
decay stages on ACQ-treated wood. When the fungus was growing on ACQ-treated and
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CA-treated wood, AAOX and CAT genes were not expressed at nearly the same level as
when the fungus was growing on the individual components of copper and quat. Tang et
al. (2013) also found the expression of AAOX on MCQ-treated wood was not detectable
or very low and the expression of CAT was much lower than on untreated wood. Copper
availability is obviously very important to the fungus. It appears that when the copper
and quat or copper and azole are mixed and bound to the wood, there is a synergy that
somehow inhibits the expression of these two genes.
Tang et al. (2013) postulated that AAOX may not be generating the hydrogen
peroxide needed for the Fenton reaction in F. radiculosa, but in fact, it may be laccase
driving the Fenton system when high levels of oxalate are present. Laccase can oxidize
the methoxy hydroquinones produced by fungi and the methoxy semiquinone radicals
can reduce O2 to perhydroxyl radicals which form hydrogen peroxide. Thus laccase
could be a source for the hydrogen peroxide in the Fenton reaction. In this study, the
LCC gene showed a similar pattern of expression on untreated wood as AAOX. There
was a slight repression of LCC expression at early and mid decay stages, implying the
highest levels of expression occurred at the earliest time point, day 5.
On azole-treated wood, LCC was slightly upregulated (2.8- and 2.6-fold) at both
early stages of decay, and then expression levels dropped at mid and late stages. A
similar pattern was seen when growing on wood treated with copper, the F. radiculosa
LCC gene was upregulated in the early E1stage, then expression levels dropped through
the mid and L1 stage, and was downregulated at the L2 stage (2.5-fold). This pattern
could imply production of hydrogen peroxide needed for early stages of brown-rot decay.
On CA-treated wood, LCC exhibited little to no expression at the early decay stage but
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was slightly upregulated at the mid decay stage (+2-fold). On quat-treated wood, LCC
expression was very different from other treatments in that it was upregulated at the mid
stage (~ 3-fold) and downregulated at the L1 stage (4-fold). This downregulation was
also seen in the only LCC RNA-seq results in which LCC was downregulated by 4.4-fold
in the late decay quat treatment. Midpoint upregulation followed by downregulation
could imply that Fenton-based wood decay was delayed in quat-treated wood. LCC
expression was slightly repressed on ACQ-treated wood at all decay stages. Once again,
LCC genes were not expressed at nearly the same level or same pattern on ACQ-treated
wood as when the fungus was growing on the individual components of copper and quat.
Source of Oxalate and Regulation of Copper
Oxalate is believed to play a critical role in both wood decay as well as copper
tolerance. Production of oxalate increases when F. radiculosa adapts to copper and
initiates the wood decay process (Tang et al. 2013; Ohno et al. 2015). Oxalate could be
produced from excess malate originating from either the TCA or GLOX cycles or from
glyoxylate in the GLOX cycle (Munir et al. 2001). ICL is a key enzyme in both the TCA
cycle, which generates needed energy for fungal metabolism, as well at the GLOX cycle,
thus, it can be difficult to link the differential expression of this gene to a single end
result, such as an increase in oxalate. Two genes possibly involved in the direct
production of oxalate are GLOXDH and OAH. Only GLOXDH was measured by qRTPCR in this study. High levels of oxalate can be detrimental to the fungus, so the ODC
genes are involved in the breakdown of this compound. ODC breaks down oxalate to
formic acid and carbon dioxide, thus allowing the fungus to control the levels of oxalate
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in its surrounding environment. ODC1 and ODC2 were measured by qRT-PCR, but the
expression of several other ODC genes were found by RNA-seq analysis.
For all of the treatments, the pattern of expression of ICL and GLOXDH were
very similar to each other implying their expressions may be linked. On untreated wood,
both genes were slightly repressed at early decay stage, then expression increased at mid
stage and continued to increase at late stage. Only ICL late stage expression change was
2-fold; the remaining changes were less than 2. Similarly, low levels of ICL expression
were found on untreated wood throughout the study (Tang et al. 2013). On azole-treated
wood, GLOXDH and ICL did not exhibit any differential expression changes that were
greater than 2-fold. Expression levels increased during the early stages of decay,
followed by a decrease in expression at the mid decay stage. In the RNA-seq results, the
only differential expression of ICL and GLOXDH was in the azole-treatment in earlymid stage decay. In copper-treated wood, both genes were upregulated early, and
expression levels decreased over time. ICL was upregulated during both early stages and
the mid stage, all expression levels were between 2- and 3-fold increases. During the late
stages, the expression levels substantially dropped. GLOXDH also displayed
upregulation at the early stages (between 2- and 3-fold), but dropped expression levels by
the mid stage. There was a slight increase at the late L2 stage (2-fold).
Tang et al. (2013) correlated ICL and GLOXDH expression levels to zero percent
strength loss. When F. radiculosa was growing on MCQ-treated wood, GLOXDH was
highly expressed at early decay and expression levels decreased over time (Tang et al.
2013). On copper citrate-treated wood, three isolates showed increased expression of
GLOXDH and ICL at week 2, and expression levels drastically dropped at week 4 (Ohno
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et al. 2015). Thus GLOXDH shows similar expression patterns to ICL, in that the highest
levels are detected very early in decay and adaptation. In this study on quat-treated wood,
both ICL and GLOXDH were upregulated in the E1 stage by approximately +4-fold, and
dropped to below a 2-fold increase at the mid and late stages. On ACQ-treated and on
CA-treated wood, GLOXDH and ICL exhibited no upregulation or downregulation for
any of the decay stages, with the exception that ICL was downregulated (+2- fold) in the
late stage on ACQ. Yet again, expression levels of ICL and GLOXDH on the
preservative combinations of ACQ and CA are not nearly as great as when the fungus
was growing on the individual components of copper and quat.
Assuming ODC breaks down high oxalate concentrations, the expression of these
genes should follow behind the expression of the genes responsible for oxalate
production. In untreated wood, ODC1 exhibited very little change in expression over
stage of decay, while, ODC2 was downregulated (2.5-fold) at the early decay stage, and
repression lessened by late stage decay. The pattern of change for ODC2 was similar to
that of GLOXDH on untreated wood. Tang et al. (2013) detected no expression of ODC1
on untreated wood and showed significantly high expression of ODC2. On azole-treated
wood, ODC1 did not exhibit any differential expression changes that were greater than 2fold; however, the pattern of expression of ODC1 was similar to the pattern of expression
of GLOXDH on azole-treated wood. ODC2 on azole-treated wood was upregulated in
both early stages (3-fold) as well as the mid stage of decay (4.5-fold). The RNA-seq
analysis showed that ODC1 was slightly upregulated on azole-treated wood while ODC2
was slightly downregulated.
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On copper-treated wood, ODC1 was upregulated during most stages of decay. In
contrast, ODC2 was upregulated slightly at the early E1 and late L2, but was highly
upregulated at the mid stage (5.8-fold), when ODC1 was at its lowest in copper-treated
wood. In comparison, GLOXDH was upregulated early, and then expression levels
dropped. If ODC expression should follow the expression of GLOXDH, then perhaps the
high expression of ODC2 at mid stage is a response to high expression of GLOXDH at
the early stages. On CA-treated wood, there was no to very little expression of ODC2,
while there was upregulation of ODC1 at the mid decay stage; however, there was also
little to no expression of GLOXDH on CA-treated wood. On quat-treated wood, ODC1
expression was upregulated in E1, but dropped to below a 2-fold increase at the mid and
late stages. ODC2 expression levels fluctuated with upregulation by 7-fold at E1, by 5fold at E2, no expression at mid stage decay, and then another upregulation at L1 and L2.
In comparison, GLOXDH expression on quat-treated wood was highest at E1 and
steadily decreased, thus either ODC gene could potentially be responding to an increase
in oxalate.
The pattern of expression of ODC2 on ACQ-treated wood was from low
expression (early stage) to low repression (late stage). This was a similar pattern of
change to that of GLOXDH on ACQ-treated wood. The pattern of expression for ODC1
was the opposite of that for ODC2, where ODC1 was downregulated in early stage and
the repression lessened through the late stage. Tang et al. (2012) found two different
ODC genes that were expressed under different conditions. ODC1 was expressed on
MCQ-treated wood, with expression levels increasing from early until mid-late (Tang et
al. 2013). In contrast, ODC2 was not expressed on MCQ-treated wood but highly
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expressed on untreated wood at early stage, with levels decreasing in following weeks
(Tang et al. 2013).
The pattern of expression of ODC2 most closely resembles GLOXDH for most
treatments, with the notable exception of azole-treated wood. Interestingly, the RNA-seq
analysis found numerous ODC genes expressed on azole-treated wood including
upregulation of ODC3 (3.5-fold), ODC4 (3.7-fold) and ODC5 (2-fold) plus
downregulation of ODC2 (2.1-fold) at late stage decay. Both ODC1 and ODC2 were
most highly expressed on quat- and copper-treated wood. ODC3 was also upregulated on
copper-treated wood (5.8-fold) and downregulated on quat-treated wood (3.5-fold). Once
again, when copper or quat are treated together this expression levels drastically changes.
With so many ODC genes in the F. radiculosa genome it may be difficult to tease out
which ODC genes are responding to which treatments or decay conditions.
Also associated with copper tolerance is the ability of an organism to regulate the
excess copper ions. Movement of ions across cell membranes is accomplished by pumps,
such as the copper resistance P-type ATPase pumps (COP). Tang et al (2013) found
expression levels of COP on untreated wood were higher than on MCQ-treated wood, but
were still relatively low. In this study, COP was downregulated (3-fold) on untreated
wood in the early stage, and gene repression lessened in mid and late stages. On azoletreated wood, COP did not exhibit any differential expression changes that were greater
than 2-fold for any stage of decay. The most interesting result was the complete lack of
expression of the COP gene on copper-treated wood at any decay stage. This gene is
thought to be involved in removing excess copper away from the fungus, and the
expectation is that this gene would be upregulated in the presence of copper treatments.
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The four isolates of F. radiculosa in Ohno et al. (2015) study each showed different
expression patterns for COP. The isolate TFFH-294, which is the same as in the current
study, showed the highest expression level at week 2, then a decrease in expression levels
until week 8. On quat-treated wood, COP was upregulated in early stage 1 by
approximately +4-fold, and then dropped to below a 2-fold increase at the mid and late
stages. In contrast, COP expression was repressed in both ACQ- and CA-treatments. On
ACQ-treated wood, COP was downregulated at both the mid and late decay stages. ACQ
and CA-treatments induced expression of COP oppositely from quat treatment. There
was no notable level of expression of the COP gene based on RNA-seq data.
Cellulose Degradation
Once the Fenton reactants have increased the porosity of the wood cell wall,
cellulose and hemicellulose degradation proceeds via enzyme hydrolysis. During late
stages of decay by the brown rot fungus, F. radiculosa, Tang et al. (2013) found
increased expression of 16 glycoside hydrolases. Two of these glycoside hydrolases are
GH5 and GH10, whose differential expressions were measured in this study. On
untreated wood, both GH5 and GH10 were downregulated by 3-fold in early decay and
remained repressed throughout the decay stages, although the level of repression lessened
over time. This means that the highest levels of expression for both of these genes
occurred at the earliest time point of day 5. In contrast, Tang et al. (2013) found GH5 and
GH10 genes were highly upregulated on untreated wood at all time points. On azoletreated wood, the patterns of expression between the two glycoside hydrolases were
somewhat different. GH5 gene was upregulated in the early stages, but then expression
levels dropped in the mid and late stages. Expression of GH10 fluctuated up and down,
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with upregulation early, mid and late. So if azole-treatment slightly delays the decay
process, this may be reflected in the early upregulation of these genes.
On copper-treated wood and on quat-treated wood, GH5 was essentially
upregulated during all stages of decay, although it was most highly upregulated during
the early stages. On copper-treated wood GH10 was only upregulated at the early E1
stage. On quat-treated wood, GH10 exhibited the highest fold increase of all genes in the
quat-treatment (11-fold at E1), then dropped to 5-fold increase at the M, L1 and L2
stages. There was no expression of either GH5 or GH10 on CA-treated wood. On ACQtreated wood, expression of both GH5 and GH10 decreased over time and were both
downregulated by the late stage of decay.Tang et al. (2013) found the only significant
increase in level of expression of both GH5 and GH10 was at early decay on MCQtreated wood. Expression of the GH5 gene was high at all stages of decay while fungus
was growing on copper- and quat-treated wood. In comparison, expression levels on
ACQ- and CA-treatments were very low.
Illumina Transcriptomics (RNA Seq)
In this present work differentially expressed genes were analyzed based on decay
stages when the fungus was growing on azole-, copper-, and quat-treated and untreated
ground wood samples. The copper treatment had the greatest impact on the expression of
different genes, with 4,076 differentially expressed genes when comparing coppertreatment early versus mid decay stages, and 3,296 differentially expressed genes when
comparing copper-treatment mid versus late decay stages. This could be compared to
untreated wood on which the fungus expressed 2,441 genes when comparing early versus
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mid decay, and 1,495 genes when comparing mid to late decay. Thus the presence of
copper induced the expression of 2x more genes.
There were 100 genes with known functions that were differentially expressed
(>3fold) in mid and late stages of decay when azole-, copper-, and quat-treated wood was
compared to untreated wood. Many of the genes that were differentially expressed have
unknown protein functions. There are 25 genes with unknown protein functions that were
highly expressed (≥5 and ≤-5) among the different treatments. Interestingly, most of these
genes were up- or downregulated in at least in one other treatment. These genes need
further studies in terms of function and protein characterization.
When comparing RNA Seq results and the expression of the genes measured by
qRT-PCR, there were some good matches and others did not match. This may be
because different time points were used for the relative comparisons. Examples of some
good matches between RNAseq-data and q-RTPCR are: AAOX increased 1.5-fold in
azole late according to both analyses; AAOX increased by 4.4-fold in copper mid via
RNA-seq and increased by 4.2-fold in copper mid via PCR; and LCC decreased 4.4-fold
in quat late by RNA-seq and by 4-fold by PCR. An example of poor match includes
CAT expression in copper late of downregulation of 2.1-fold by RNA-seq and
upregulation of 5-fold also in copper late. It is going to take a lot more time, more study,
and more analysis to fairly compare the RNA-seq data directly to the qRT-PCR results.
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CHAPTER IV
CONCLUSION
Understanding the metabolic mechanisms that the brown-rot fungus, Fibroporia
radiculosa, uses to breakdown the wood cell walls and to detoxify copper is extremely
complicated. How do we tease out which enzymes are breaking down the organic cobiocides, which ones are detoxifying the copper, and which ones are parts of the Fenton
decay process? Add to the complexity a need to compare the stages of decay; plus the
reality that we are working with a living organism that does not necessarily grow on
command at exactly the same rate from one study to the next. Throw in that a
comparison of relative gene expression requires a selection of the reference point, which
may differ from study to study. All of these things contribute to the complexity, making
the goal of this research a daunting task. However, despite these complexities, certain
patterns do emerge that should help take us closer to our long-term goal - understanding
of the mechanism of copper-tolerance in Fibroporia radiculosa. This gap is important
because until it is filled, copper treated wood will not be protected against the attack of
copper tolerant brown rot fungi and, improvement of copper preservative formulations
will not be possible.
In order for wood decay to proceed, the brown-rot fungi need to produce
hydrogen peroxide for Fenton chemistry to generate the radicals. Hydrogen peroxide can
be produced from oxidases such as AAOX or possibly from LCC. Regulation through
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degradation of excess hydrogen peroxide levels is by CAT. In both of the studies
presented here, the patterns of expression of AAOX and CAT were similar. Expression
levels may differ, but the patterns were similar, implying their expressions are linked. On
untreated wood, azole-treated wood, and CA-treated wood, expression levels of both
genes were highest in the earliest stages of decay and then decreased over time. The
presence of azole does not appear to alter the expression of either AAOX or CAT in
comparison to untreated wood. While fungus was growing in copper-treated wood, the
presence of copper delayed the expression of both AAOX and CAT compared to
untreated wood, while in quat-treated wood, AAOX and CAT were upregulated at all
stages of decay. In the first study, on ACQ-treated wood, expression patterns of AAOX
and CAT were similar to that on quat-treated wood, thus it appears quat stimulates
continued expression of these genes. For LCC, the highest levels of expression occurred
at an early stage then dropped on untreated, azole-treated, copper-treated, and ACQtreated wood, although some levels were very low. On CA-treated wood, LCC exhibited
slight upregulation at the mid stage (+2-fold). LCC expression patterns were very
different on quat-treated wood; there was upregulation at the mid stage followed by
downregulation at the late stage. This pattern could imply that Fenton-based wood decay
was delayed in quat-treated wood. So where does the hydrogen peroxide come from?
Both AAOX and LCC were often expressed at their highest levels early in the stages of
decay, thus either one or both could be involved in early Fenton chemistry. AAOX
expression level changes were much greater than AAOX, but without silencing one of
these genes and measuring the levels of hydrogen peroxide production, we still cannot
determine the source(s) of the hydrogen peroxide.
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Oxalate is another critical component of both brown-rot wood decay as well as
copper tolerance. It could be produced from excess malate originating from either the
TCA or GLOX cycles or from glyoxylate in the GLOX cycle. ICL is a key enzyme in
both the TCA cycle, while two genes possibly involved in the direct production of
oxalate are GLOXDH and OAH. In both of the studies presented here, and for all of the
treatments, the pattern of expression of ICL and GLOXDH were very similar to each
other implying their expressions may be linked. On untreated wood, ICL and GLOXDH
levels increased from early to late stages of decay. However, on all other wood
treatments, except CA, the pattern of expression was the reverse. Expression levels of
ICL and GLOXDH were highest in early decay stages and decreased with time. Quat
stimulated the highest level of expression, followed by copper. CA-treated wood showed
no expression of either gene. The high levels of expression on the quat-treated wood
implies that increased oxalate production is not just needed for complexing to the toxic
copper but is also needed to aid in adapting to the toxic quat component.
ODC breaks down oxalate, thus allowing the fungus to control the levels of
oxalate in its surrounding environment. ODC1 and ODC2 were measured by qRT-PCR,
but the expression of several other ODC genes were found by RNA-seq analysis. In this
research, there was no true patterns of expression for ODC1 and ODC2. In the first
study, the breakdown of oxalate through ODC2 correlated to both AAOX and CAT
activity, as did the activity of the copper pump, COP. However, this pattern did not hold
true for the second study. In the second study, the pattern of expression of ODC2 most
closely resembled GLOXDH for most treatments, with the notable exception of azoletreated wood. On azole-treated wood, the pattern of expression of ODC1 was similar to
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the pattern of expression of GLOXDH. The RNA-seq analysis found ten different ODC
genes expressed at some level, but not on all treatments. Eight of these different ODC
genes were expressed on copper-treated wood, although most levels of expression were
below 2, when comparing early versus mid stages of decay. On azole-treated wood, there
was upregulation of ODC3 (3.5-fold), ODC4 (3.7-fold) and ODC5 (2-fold) plus
downregulation of ODC2 (2.1-fold) at late stage decay. With so many ODC genes in the
F. radiculosa genome it may be difficult to tease out which ODC genes are responding to
which treatments or decay conditions.
One of the more interesting results from this research was the complete lack of
expression of the COP gene on copper-treated wood at any decay stage in the second
study. This gene is thought to be involved in removing excess copper away from the
fungus, and the expectation is that this gene would be upregulated in the presence of
copper treatments. COP expression was higher on untreated wood compared to copper-,
ACQ- and CA-treatments. The highest expression was at the early stages on the quattreated wood. In contrast, on ACQ-treated wood in the first study, COP showed a very
similar pattern of expression as AAOX, CAT, and ODC2. However, it needs to be
pointed out that in this study; the relative expression was based on the earliest ACQtreatment, not compared to untreated wood as in the second study. Thus the first study is
showing change over time within a treatment, not a change based on the presence or
absence of a preservative.
Once the Fenton reactants have increased the porosity of the wood cell wall,
cellulose and hemicellulose degradation proceeds via enzyme hydrolysis. The
polysaccharide genes measured in this study are GH5 and GH10. The first study
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suggested that at fifty percent strength loss, the wood cells have degraded to the extent
that the enzymes responsible for cellulose and hemicellulose degradation can penetrate
into the walls and access their substrates. Thus there would be an expectation of GH
expression in the mid to late decay stages. However, in the second study, there were no
discernable patterns of expression for either GH gene that correlated to this first result.
On untreated wood, GH5 and GH10 were most highly expressed at the earliest time
point. On azole-treated wood, GH levels were highest at one of the two early decay
stages, and then levels dropped, although GH10 fluctuated. On copper- and quat-treated
wood, GH levels were highest early to mid-stages, and dropped in the later stages. The
highest expression levels for GH5 were on copper mid-stage and quat E1; while the
highest expression of GH10 was on quat E1. Expression levels of both GH5 and GH10
remained upregulated on quat-treated wood at all stages of decay. Thus the expectation
that GH expression levels would occur later in decay did not hold true.
Probably the most surprising and significant set of results in this research is the
impact the quat-treatment has on the metabolism of the fungus, and lack of impact of the
azole-treatment. Wood treated with quat alone reached the midpoint of decay at day 34
and for ACQ-treated wood it was at day 35. This implies that it is the quat that provides
the greatest inhibition of F. radiculosa, more so than the copper. In comparison of the
expression levels of the genes measured by qRT-PCR, the quat-treatment stimulated a
higher number and level of upregulated (or downregulated) genes compared to all other
treatments. The treatment with copper came in second. However, if you compare the
total number of genes that were upregulated or downregulated, as measured by RNA-seq,
the copper-treatment regulated 473 genes (compared to untreated), quat-treatment
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regulated 293 genes and azole-treatment regulated 185 genes. There are obviously many
undiscovered genes that could play a significant role in the ability of F. radiculosa to
overcome or adapt to the quat and copper components of treated wood. There were a
number of genes with unknown protein functions that were highly expressed among the
different treatments. These genes and this data needs further analysis and study in order
to meet the long term goal of understanding of the mechanism of copper-tolerance in
Fibroporia radiculosa.
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RNA-SEQ COMPARISON OF UNTREATED WOOD TO TREATED WOOD
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Table A.1

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for azole-treated wood and untreated wood
at late stages of decay.
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Table A.1 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold change; FDR is the
p-value adjusted for multiple testing.
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Table A.2

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for azole-treated wood and untreated wood
at mid stages of decay.
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Table A.2 (Continued)
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Table A.2 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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Table A.3

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for copper-treated wood and untreated wood
at late stages of decay.
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Table A.3 (Continued)
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Table A.3 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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Table A.4

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for copper-treated wood and untreated wood
at mid stages of decay.
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Table A.4 (Continued)
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Table A.4 (Continued)
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Table A.4 (Continued)
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Table A.4 (Continued)
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Table A.4 (Cotinued)
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Table A.4 (Continued)
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Table A.4 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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Table A.5

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for quat-treated wood and untreated wood at
late stages of decay.
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Table A.5 (Continued)

191

Table A.5 (Continued)
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Table A.5 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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Table A.6

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for quat-treated wood and untreated wood at
mid stages of decay.
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Table A.6 (Continued)
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Table A.6 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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RNA-SEQ COMPARISON OF EARLY DECAY TO MID DECAY
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Table B.1

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for untreated wood at early versus mid
stages of decay.
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Table B.1 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold change; FDR is the
p-value adjusted for multiple testing.
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Table B.2

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for azole-treated wood at early versus mid
stages of decay.
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Table B.2 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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Table B.3

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for copper-treated wood at early versus mid
stages of decay.
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Table B.3 (Continued)
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Table B.3 (Continued)
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Table B.3 (Continued)
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Table B.3 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold change;
FDR is the p-value adjusted for multiple testing.
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Table B.4

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for quat-treated wood at early versus mid
stages of decay.

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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RNA-SEQ COMPARISON OF MID DECAY TO LATE DECAY
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Table C.1

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for untreated wood at mid versus late stages
of decay.

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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Table C.2

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for azole-treated wood at mid versus late
stages of decay.
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Table C.2 (Continued)
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Table C.2 (Continued)
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Table C.2 (Continued)
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Table C.2 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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Table C.3

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for copper-treated wood at mid versus late
stages of decay.
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Table C.3 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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Table C.4

Differentially expressed genes of 2-fold or greater based on pairwise
comparisons of RNA-Seq data for quat-treated wood at mid versus late
stages of decay.
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Table C.4 (Continued)

Green indicates upregulation and red indicates downregulation. Log FC is the log2 fold
change; FDR is the p-value adjusted for multiple testing.
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LSD ANOVA TEST FOR PRELIMINARY STUDY
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Table D.1

LSD ANOVA test (P<0.0001) between week 1, 4, 5, and 7 when
comparing ACQ-treated wood.
Week 1

Week 4

Week 5

Week 7

ACQ
***
***
**
***
CAT
***
***
***
***
AAOX
*
*
*
*
ICL
***
***
***
***
GLOXDH
*
*
*
*
LCC
***
***
***
***
COP
*
*
*
*
ODC1
***
***
***
***
ODC2
**
***
***
**
GH5
*
*
***
*
GH10
*** indicates P<0.0001, ** indicates P< 0.5, * indicates nonsignificant difference
between time points in ANOVA Tukey HSD Test.
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LSD ANOVA TEST FOR CHAPTER III
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Table E.1

LSD ANOVA test (P<0.0001) between early, mid, and late stages of decay
when comparing untreated to treated wood.
Early vs Mid

Early vs Late

Mid vs Late

Untreated
CAT
AAOX
ICL
GLOXDH
LCC
COP
ODC1
ODC2
GH5
GH10

***
***
***
***
*
***
*
*
*
***

***
***
***
***
***
**
***
***
***
***

***
*
***
*
***
***
***
*

**
***
***
***
***
***
***
***
*
*

***
*
***
***
***
***
***
*
***
*

*
***
*
*
*
***
***
***
*
**

***
***
*
**
***
*
**

***
**
***
**
***
*
*

*
*
**
***
*
*
***

***
*

Azole
CAT
AAOX
ICL
GLOXDH
LCC
COP
ODC1
ODC2
GH5
GH10
Copper
CAT
AAOX
ICL
GLOXDH
LCC
COP
ODC1
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Table E.1 (Continued)
ODC2
GH5
GH10

***
*
***

**
*
*

***
***
***

*
*
**
***
**
**
*
**
***
***

*
***
***
***
***
***
***
***
***
***

*
*
***
*
***
*
*
***
*
*

*
**
***
***
*
***
*
***
*
***

*
***
***
***
**
***
***
***
***
***

*
*
*
**
*
**
**
***
***
***

*
*
*
*

*
*
*
*

*
*
*
*

Quat
CAT
AAOX
ICL
GLOXDH
LCC
COP
ODC1
ODC2
GH5
GH10
ACQ
CAT
AAOX
ICL
GLOXDH
LCC
COP
ODC1
ODC2
GH5
GH10
CA
CAT
AAOX
ICL
GLOXDH
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Table E.1 (Continued)
LCC
COP
ODC1
ODC2
GH5
GH10

*
*
*
*
*
*

*
*
*
*
*
*

*
*
*
*
*
*

*** indicates P<0.0001, ** indicates P< 0.5, * indicates nonsignificant difference
between time points in Anova Tukey HSD Test.
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